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 Abstract  
Angioimmunoblastic T cell lymphoma (AITL) is an aggressive peripheral T cell 
lymphoma manifesting with symptoms such as generalized lymphadenopathy and 
hypergammaglobulinemia. Currently, AITL patients have limited treatment options and poor 
clinical outcomes with a 5-year survival rate around 30%. AITL tumor cells derive from a subset 
of CD4+ T cell, the T follicular helper (Tfh) cell. Tfh cells are essential in germinal centers (GC), 
where they facilitate B cell expansion and differentiation into plasma cells. This helper function 
is supported by numerous Tfh cell-derived proteins and transcriptional programs which may still 
be operational in AITL tumor cells. Therefore, disrupting key signaling mechanisms sustaining 
Tfh cell identity and their ability to interact with B cells could inhibit AITL tumor growth.  
Studies have demonstrated that these hyperactive Tfh-like cells lead to the accumulation 
of immune cell subsets such as B cells, plasma cells, and macrophages within tumor lymph 
nodes. Nevertheless, the AITL tumor microenvironment itself has not been well-studied and 
whether some immune cells could be harnessed to impede tumor growth has not been tested. In 
human AITL, although circulating Tfh cells have been reported, the rate of tumor spreading can 
vary between patients. As such, one possibility is the presence of immune surveillance 
mechanisms opposing tumor progression. In line with this idea, SLAMF7, a positive signal for 
macrophage-mediated phagocytosis (counterbalanced by the inhibitory CD47-SIRP pathway), 
is expressed in a subset of AITL patients. Despite this, whether differing levels of SLAMF7 
expression correlates with improved patient outcomes has not been investigated. 
Using Roquinsan/+ mice, a spontaneous AITL-like mouse model, we addressed the role of 
immune signaling mechanisms within Tfh-like tumor cells and the surrounding tumor 
microenvironment that would promote tumor regression. First, we aimed to inhibit signature Tfh 
cell proteins and downstream signaling pathways in developed AITL-like tumors to evaluate 
potential therapeutic value. Second, we investigated the role of macrophage-mediated 
phagocytosis in the context of SLAMF7 and how modulating CD47-SIRP signaling may 
enhance the efficiency of AITL tumor cell engulfment. Our central hypothesis is that by 
removing fundamental Tfh cell supporting programs from tumor cells or by promoting the 
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phagocytic removal of Tfh-like tumor cells we can favour tumor regression and impair future 
growth.  
Through this work, we demonstrated that AITL-like tumors continuously require critical 
Tfh cell identity proteins such as transcription factor Bcl6 and adaptor protein SAP, as well as T 
cell-B cell (T-B) crosstalk. Importantly, despite the absence of conventional GCs, Tfh-like tumor 
cells provided functional support to B cells as evidenced by elevated IgG titers and accumulation 
of plasma cell precursors in tumors. We also found evidence of opposition between immune 
surveillance and evasion within AITL-like tumors as Tfh-like cells upregulated inhibitory CD47 
levels while macrophages increased expression of prophagocytic SLAMF7. Moreover, AITL-
like tumor cells were more efficiently phagocytosed in vitro when CD47 signaling was blocked. 
Taken together, we demonstrate that pathways important for Tfh cell identity and T-B 
communication are critical for AITL-like disease progression and suggest that ongoing 
macrophage-mediated immune surveillance may influence disease outcomes. Future studies may 
explore combining inhibitors of Tfh cell activity or T-B crosstalk along with drugs which boost 
antitumor phagocytic activity to further improve the therapeutic efficacy of treatment.  
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Le lymphome angioimmunoblastique à cellules T (AITL) est un lymphome périphérique 
à cellules T agressif dont les symptômes sont la lymphadénopathie et 
l'hypergammaglobulinémie. Actuellement, les patients atteints du AITL ont des options de 
thérapeutiques limitées et des résultats cliniques défavorables, avec un taux de survie sur 5 ans 
d'environ 30%. Les cellules tumorales du AITL proviennent de cellules T CD4+ appelées cellules 
T auxiliaires folliculaires (Tfh). Les cellules Tfh sont essentielles dans le centre germinatif (GC), 
où elles facilitent l'expansion et la différentiation des cellules B en plasmocytes. Cette fonction 
d'aide est soutenue par de nombreuses protéines dérivées des cellules Tfh et des programmes de 
transcription qui pourraient aussi fonctionner dans les cellules tumorales du AITL. Par 
conséquent, la perturbation des principaux mécanismes de signalisation soutenant l'identité des 
cellules Tfh et leurs interactions avec les cellules B pourrait inhiber la croissance du AITL. Des 
études ont démontré que les cellules hyperactives de type Tfh provoquent une accumulation de 
cellules immunitaires telles que les cellules B, les plasmocytes et les macrophages dans les 
tumeurs.  
Cependant, le microenvironnement du AITL n'a pas été bien étudié et il n'a pas été vérifié 
si certaines cellules immunitaires pourraient être utilisées pour arrêter la croissance de la tumeur. 
Bien que l’on trouve des cellules Tfh circulantes dans l’AITL humain, le taux de propagation 
peut varier d’un patient à l’autre. Ainsi, une possibilité est la présence de mécanismes de 
surveillance immunitaire s'opposant à la progression de la tumeur.  En accord avec cette 
hypothèse, un signal positif pour la phagocytose nommé SLAMF7 (contrebalancé par la voie 
inhibitrice CD47-SIRPα) est exprimé dans un sous-ensemble de patients atteints du AITL. 
Toutefois, la corrélation entre les différents niveaux d'expression du SLAMF7 et l'amélioration 
des résultats pour les patients n'a pas été étudiée. 
En utilisant des souris Roquinsan/+, qui développent spontanément l’AITL, nous avons 
étudié le rôle des mécanismes de signalisation immunitaire dans les cellules tumorales de type 
Tfh et du microenvironnement tumoral. Nous avons cherché à inhiber les protéines et les voies 
de signalisation typiques des cellules Tfh dans les tumeurs afin d'évaluer la valeur thérapeutique 
potentielle. Nous avons aussi étudié le rôle de la phagocytose dépendante des macrophages dans 
le contexte SLAMF7 et comment la modulation de la signalisation de CD47-SIRPα peut 
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améliorer l'efficacité de la phagocytose des cellules tumorales. Notre hypothèse centrale est qu'en 
supprimant les programmes fondamentaux des cellules Tfh ou en favorisant l'élimination 
phagocytaire des cellules tumorales de type Tfh, nous pouvons favoriser la régression de la 
tumeur. 
Nous avons démontré que les tumeurs AITL nécessitent des protéines d’identité des 
cellules Tfh essentielles telles que le facteur de transcription Bcl6 et la protéine adaptatrice SAP, 
ainsi que la communication entre les cellules T et B (T-B). Même en l'absence de GC classiques, 
les cellules tumorales de type Tfh ont apporté un soutien aux cellules B. Cela est démontré par 
des titres élevés d'IgG et l'accumulation de cellules précurseurs des plasmocytes dans les 
tumeurs. Nous avons trouvé des preuves de l'opposition entre la surveillance immunitaire et 
l'évasion au sein des tumeurs de type AITL, car les cellules Tfh augmentent l’expression de la 
molécule inhibitrice CD47 tandis que les macrophages stimulent le niveau de SLAMF7. Les 
cellules de type AITL ont été phagocytées plus efficacement in vitro quand la signalisation du 
CD47 était bloquée. En résumé, nous démontrons que les voies de signalisation importantes pour 
l'identité des cellules Tfh et la communication entre les cellules T et B sont essentielles pour la 
progression de l’AITL et suggèrent qu’une surveillance immunitaire continue par les 
macrophages peut influencer l’évolution de la maladie. Des études futures pourraient explorer la 
possibilité de combiner des inhibiteurs de l'activité des cellules Tfh ou T-B avec des 
médicaments qui stimulent l'activité phagocytaire antitumorale pour améliorer l'efficacité 
thérapeutique du traitement.  
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1.1 Characteristics of AITL disease 
 
1.1.1 Clinical features of AITL 
Angioimmunoblastic T cell lymphoma (AITL) is an aggressive type of non-Hodgkin 
lymphoma with a median age of onset around 62-65 years of age, although cases have been 
reported in younger patients closer to 20 years old (1, 2). At the time of diagnosis, the majority 
of AITL patients are at later stages of disease progression such as stage III or IV (1, 3), 
contributing to poor survival rates (5-year survival rate is ~30%) (1-3). Even so, the rate at which 
AITL tumors spread to other lymph nodes can vary from months to years (4). The majority of 
patients present with generalized lymphadenopathy and B-symptoms which include fevers, 
weight loss, and/or night sweats (1-3). Lymphadenopathy can be observed in cervical, 
mediastinal, axillary and inguinal lymph nodes (5, 6), but some case studies have also reported 
swollen mesenteric lymph nodes (7, 8). AITL patients may also experience extranodal 
involvement in the liver, spleen, skin and bone marrow as well as hypergammaglobulinemia and 
hemolytic anemia (1-3, 9). Patients with bone marrow involvement are more likely to also have 
B-symptoms, hepatosplenomegaly and circulating tumor cells (3, 10, 11). 
Due to the gross immune dysregulation driven by AITL, patients may also suffer from 
infections such as tuberculosis, cryptococcus and lymphotropic viruses, most notably Epstein-
Barr virus (EBV) (12-14). EBV infected B cells are also detected in a majority of AITL cases 
(~80%) (3), and approximately 10% of AITL patients also develop secondary B cell lymphomas, 
a large proportion of which are linked to EBV positivity (15). Detection of EBV+ B cells in 
young patients (less than 60 years) has been reported to correlate with improved prognosis, 
although, no such relation was found in older patient groups, which better represent the majority 
of AITL patients (16).   Additionally, detection of higher viral loads of EBV in AITL has been 
associated with B cell monoclonality as well as more advanced histological AITL patterns (17). 
 
1.1.2 Histological features of AITL 
Within AITL tumor lymph nodes, there is an inflammatory immune cell environment that 
contains not only abnormal neoplastic T cells, but also reactive T and B cells, plasma cells, 
histocytes, and eosinophils (3, 14, 18). Other key features of AITL histology include branching 
of high endothelial venules (feature of angiogenesis) and atypical expansion of follicular 
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dendritic cell (FDC) meshworks (11, 18). Neoplastic AITL tumor cells express CD4, T cell 
receptor (TCR) α/β, B cell lymphoma 6 (Bcl6), inducible costimulator (ICOS), SLAM-
associated protein (SAP), programmed cell death protein-1 (PD-1), C-X-C chemokine receptor 
type 5 (CXCR5), and C-X-C chemokine ligand 13 (CXCL13), all of which are signature 
molecules for the T follicular helper (Tfh) cell lineage (3, 11, 19-23). More details regarding the 
Tfh cell origin of AITL tumor cells will be discussed in the next section 1.1.3. CD10 is 
heterogeneously expressed in 70-90% of AITL but is also present on other types of mature T cell 
lymphomas, and as such, compared to Tfh cell-specific proteins, is not as commonly used as an 
AITL diagnostic marker (6, 18, 24, 25). CD30 is also expressed in approximately 40-60% of 
AITL patients, and recent phase III clinical trial data suggests that these CD30-positive patients 
may benefit from additional CD30-directed antibody-drug conjugate therapy (3, 26). In line with 
the neoangiogenic features observed in AITL, vascular endothelial growth factor-A (VEGF-A) 
and receptor VEGFR-1 are found overexpressed in both lymphoma and endothelial cells and are 
linked with poorer disease outcomes (27, 28). 
AITL lymph nodes have three different histological presentation patterns: I, II and III, 
which appears to relate to disease progression (4, 14, 18). In type I, which represents ~20% of 
patients, the normal lymph node structure is still intact but hyperplasic B cell follicles with an ill-
developed mantle zone and enlarged paracortical region are present (3, 4, 14, 18). In pattern II 
(~30% of patients) there is a loss of normal lymph node architecture and an expansion of FDC 
meshworks that surrounds developing blood vessels (3, 11, 14, 18). Pattern III is the most 
common histological pattern observed amongst AITL patients, seen in ~50% of cases (14). In 
this pattern, there is an effacement of lymph node architecture, as well as extensive FDC and 
vascular proliferation (3, 4, 11, 14, 18). Additionally, it is usually around these branched vascular 
networks that AITL tumor cells are clustered (11). Intriguingly, the neoplastic T cell population 
is only a minor proportion of the AITL tumor mass and consequently, the distinct histological 
features as aforementioned are mostly related to the abnormal growth of FDCs and B cell 
populations (3, 14).  
 
1.1.3 Origin of AITL tumor cells 
Numerous gene expression and immunohistochemical studies have determined that AITL 
tumor cells derive from a specialized subset of CD4+  T cells, more specifically, the T follicular 
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helper (Tfh) cell (1, 19, 21, 23, 27, 29-32). Signature Tfh cell proteins such as Bcl6, CXCR5, 
PD-1, CXCL13, SAP, ICOS and CD40L are overexpressed in patient samples suggesting the Tfh 
cell origin of neoplastic cells in AITL (19-24, 33). Moreover, serial transplantation of 
splenocytes from immunodeficient NOD/Shi-scid/IL-2Rnull mice originally xenografted with 
human AITL cells demonstrated preferential survival and expansion of a CD4+ T cell 
compartment enriched for Bcl6 and Tfh cell markers, further supporting their Tfh cell origin 
(32). Tfh cells play an essential role within the context of humoral immunity by providing help 
to B cells in germinal centers (GC), and this interaction relies on critical signaling pathways that 
support B cell proliferation, differentiation and crosstalk with Tfh cells (34, 35). Further details 
regarding the role of Tfh cells within the context of GCs and specific signaling molecules will be 
discussed within section 1.2. The functional consequence of neoplastic Tfh cell-derived tumor 
cells is further reinforced in the various clinical pathologies experienced by AITL patients, such 
as B-symptoms, hypergammaglobulinemia, autoimmune hemolytic anemia and increased risk for 
developing secondary B cell lymphomas (3, 15).  
 
1.1.4 Genetic mutations involved in AITL disease onset 
1.1.4.1 RHOA 
Approximately 50-70% of AITL patients have a somatic point mutation in the small 
GTPase RHOA, which results in the conversion of a glycine residue to a valine residue at amino 
acid 17 (RHOAG17V) (3, 36-38). While this RHOAG17V mutation is very characteristic to AITL, it 
has also been identified in ~20-25% of peripheral T cell lymphomas (PTCL) with a Tfh cell 
phenotype (3, 38), follicular T cell lymphoma (FTCL) (39, 40) and adult T cell leukemia-
lymphoma (ATLL) (41). Importantly, FTCL patients with RHOA mutations share characteristics 
with AITL disease such as presence of B-immunoblasts and high expression levels of BCL6 or 
CXCL13 (39).  RHOA mutations are often observed along with loss-of-function TET2 mutations 
(will be described in more detail in section 1.1.4.2) (36, 38). Due to the fact that TET2 mutations 
are also found in non-tumor hematopoietic cells such as B cells in AITL patients, whereas RHOA 
mutations are exclusive to tumor cells, a multistep process for AITL disease initiation has been 
hypothesized (36, 38, 42). 
The RHOAG17V mutation leads to a loss of GTP binding activity and inhibition of 
wildtype RHOA (36, 37). Additionally, it appears that RHOA-G17V can specifically interact 
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with VAV1 and in so doing, activates VAV1 adaptor protein functionality and promotes T cell 
receptor signaling (43). A more recently described novel K18N mutation in RHOA has been 
reported in three AITL patients, but extensive studies characterizing its altered function have not 
been conducted (44). In vivo mouse models studying RhoaG17V demonstrates that this mutation 
leads to abnormal CD4+ T cell proliferation and polarization into the Tfh cell lineage, consistent 
with the Tfh cell nature of AITL (45, 46). Importantly, only mice with combined loss of TET2 
and expression of mutant RHOA-G17V developed AITL-like disease (45-47). Critical signaling 
pathways that support AITL-like disease in this context include ICOS, PI3K and MAPK 
signaling as well as alterations in forkhead box protein O1 (FOXO1) expression, 
phosphorylation and localization, all of which are reported to play roles in Tfh cell biology (38, 
47, 48). 
1.1.4.2 Epigenetic modifiers – TET2, DNMT3A, IDH2 
Mutations in epigenetic modifiers such as TET2, DNMT3A and IDH2 have been 
identified in AITL as well as PTCLs with a Tfh cell phenotype (36, 38, 42, 49, 50).  TET2 is an 
enzyme that converts 5-methylcytosine into 5-hydroxymethylcytosine, an intermediate in the 
DNA demethylation process (51, 52). Loss-of-function mutations in TET2, such as frameshift 
indels and nonsense mutations (36, 38, 53) have been reported in 30-80% of AITL patients (54, 
55) but can also be observed in myeloid cancers (56, 57) and B cell lymphomas (58). 
Interestingly, approximately 57% of AITL and PTCL patients are reported to have multiple (2 or 
3) TET2 mutations (36, 53).  
DNMT3A is a DNA methyltransferase mutated in approximately 10-48% of AITL 
patients, which catalyzes 5-methylcytosine methylation and as such, also plays an essential role 
in regulating gene expression (36, 38, 59-61). Approximately 60% of DNMT3A mutations occur 
in its methyltransferase domain and ~25% of these are missense mutations at the R882 position 
(36, 38, 53). The result of this R882 mutation has been reported to generate a hypomorphic 
variant that inhibits wildtype methyltransferase activity to deregulate DNA methylation patterns 
(59, 62).  
IDH2 mutations, specifically at position R172 (20-45% of AITL patients), leads to 
altered enzymatic function that results in the conversion of isocitrate into the oncometabolite 2-
hydroxyglutarate (2-HG) instead of the normally produced alpha-ketoglutarate (49, 61, 63). The 
accumulation of 2-HG can be oncogenic since it disrupts the activity of enzymes that depend on 
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alpha-ketoglutarate, such as TET2 (3, 49, 63, 64). Comparison of AITL patient samples with or 
without  IDH2R172  mutations found that patients with IDH2R172  mutations had stronger 
expression of CD10 and CXCL13 (61) and also carried a unique gene signature (63), thereby 
identifying patients with IDH2R172  mutations as a unique subgroup amongst AITL (61, 63).  
In a majority of patients (70-97%), loss of TET2 function coincides with mutations in 
either RHOAG17V and/or IDH2R172 (36, 61, 63, 65, 66). Additionally, approximately 70-80% of 
AITL patients with DNMT3A mutations also have TET2 mutations (60, 63). Studies using mice 
with these combined mutations demonstrated synergistic effects on the development of AITL-
like lymphomas with predominant features of Tfh-like cells (55, 62, 67). Additional descriptions 
of mouse phenotype for each model, as well as others not mentioned here will be discussed at 
length in section 1.4. Furthermore, it has been reported that the allelic frequencies of TET2 and 
DNMT3A mutations are higher than those of IDH2R172 or RHOAG17V, suggesting that these 
mutations are acquired beforehand (53, 61). In line with this, mutations in TET2 and DNMT3A 
have been observed in non-neoplastic cells of the B cell lineage (36, 42, 60, 68), further 
signifying that these mutations occur at earlier stages of hematopoiesis.   
1.1.4.3 Activating mutations in T cell receptor signaling 
Approximately half of AITL patients have activating mutations relating to T cell receptor 
or costimulatory signaling genes (44). Point mutations in costimulatory molecule CD28 have 
been identified in approximately 10-20% of AITL patients (44, 65, 69, 70). These mutations 
augment downstream signaling through increased ligand or adaptor protein binding affinity (44, 
69). Additionally, in one cohort of AITL patients studied, approximately 60% had a CTLA4-
CD28 fusion gene, encoding the extracellular domain of cytotoxic T-lymphocyte-associated 
protein-4 (CTLA-4) with the cytoplasmic portion of CD28, likely transforming inhibitory 
signaling inputs downstream as activating signals (71). Additionally, recurrent FYN kinase 
mutations (~5-10% of patients), an important player downstream of TCR signaling, have also 
been reported in AITL (3, 38, 44). These FYN mutations interrupt intramolecular inhibitory Src 
homology 2 (SH2)-mediated interactions, resulting in increased kinase activity (3, 38). Other 
activating mutations in AITL patients related to elevated TCR signaling are found in genes such 
as PLCG1 (14%), PI3K elements (7%), CTNNB1 (6%), GTF2I (6%), PDK1 (6%), VAV1 (5%) 
and CARD11 (3.5%) (44). Except for patients with the CTLA4-CD28 fusion, other patients with 
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activating mutations in TCR signaling components were found to be mutually exclusive or more 
specifically, these mutations did not co-occur with RHOA mutations (44, 71). 
 Thus, it seems that AITL lymphomagenesis can occur through at least two different 
routes. In the first model, mutations in epigenetic modifier genes such as TET2 or DNMT3A in 
early hematopoietic precursor cells initiate primary oncogenic events, which when coupled with 
secondary mutations such as RHOAG17V within the CD4+ T cell compartment leads to AITL 
disease (72). However, since there are also AITL patients with mutations only in components 
related to TCR signaling, in the second model, acquiring certain activating mutations in TCR 
signaling without TET2 or RHOA mutations can be sufficient to cause AITL.  
 
1.1.5 Epigenetic modifications in AITL 
  Although mutations in epigenetic modifiers are well-characterized in AITL, less is 
known about the outcome of these mutations on DNA methylation patterns. It has been reported 
that in most AITL patients with TET2 mutations, hypermethylation occurs at intron 1, a silencer 
region of BCL6, which importantly, is also linked to increased protein expression of Bcl6 (54, 
55). As Bcl6 is a critical transcription factor defining the Tfh cell lineage, this alteration in Bcl6 
expression as a result of loss-of-function TET2 in AITL tumors may promote CD4+ T cell 
differentiation into Tfh-like cells (3). IDH2R172 mutations have been associated with global DNA 
hypermethylation and higher levels of H3K27me3 (63). Genes involved in the negative 
regulation of TCR signaling and Th1 differentiation were downregulated as a result of this 
altered hypermethylation induced by IDH2R172 mutations (63). Importantly, these IDH2 
mutations do not appear to have an additional impact with TET2 mutations on BCL6 methylation 
status (54). Since the accumulation of 2-HG as a result of mutant IDH2 inhibits TET2 
functionality, in patients where both TET2 and IDH2 mutations occur, this may provide an 
additive effect that supports Tfh cell identity (63). To further add to this, as TET2 mutations are 
hypothesized to occur before IDH2R172 mutations (53, 61), one possibility is that TET2-mediated 
alterations in BCL6 promote Tfh cell differentiation and predispose individuals to AITL 
development, whereas these secondary IDH2 mutations work to reinforce DNA methylation 
patterns to further reduce TET2 function.  
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1.1.6 Prognostic markers for AITL patients 
 Since survival rates for AITL patients are rather low (1, 73), finding prognostic markers 
can be incredibly useful to help predict which patients may experience more severe cases. 
Patients with the RHOAG17V mutation are reported to more likely experience B-symptoms, 
splenomegaly and increased microvessel density (74, 75). Additionally, patients with mutant 
RHOA also had greater FDC expansion and expression of Tfh cell-related proteins (75, 76). In 
one AITL cohort, presence of RHOAG17V was linked to poorer progression-free survival rates, 
possibly related to a higher association with B-symptoms and later stage disease (75, 76). On the 
other hand, presence of IDH2 mutations in AITL patients does not appear to impact survival 
rates (49). Elevated levels of serum soluble IL-2 receptor, IL-10 and 2 microglobulin in AITL 
patients have also been associated with poorer patient outcome (77-79). Furthermore, AITL 
tumors with high levels of TLR9 and PD-L1 were reported to be predictors of more advanced 
stage disease and lower survival rates (80). Additionally, increased infiltration of M2-
macrophages in AITL also correlated with poorer survival (78, 81). Higher levels of enhancer of 
zeste homolog 2 (EZH2) or histone deacetylase (HDAC) in PTCL patients, including AITL is 
also associated with worsened overall survival rates (82).  Lastly, AITL patients with reduced 
cytoplasmic FOXO1 levels are also more likely to have advanced disease stage, bone marrow 
involvement and poorer survival rates as compared to patients with FOXO1 levels distributed in 
both the cytoplasm and nucleus (83). Since it has been reported that enforcing FOXO1 nuclear 
localization in mouse models can suppress Tfh cell differentiation (84), AITL patients with 
increased cytoplasmic FOXO1 may have poor prognosis due to stronger facilitation of a 
FOXO1-mediated Tfh cell phenotype.  
 
1.1.7 Current treatment options for AITL patients 
The front line treatment for most AITL patients generally aims to be curative and is based 
on addition(s) to CHOP (cyclophosphamide, hydroxyldaunorubicin, Oncovin/vincristine, 
prednisone) therapy (3, 5, 85). This is also the main type of therapy for PTCLs (3, 5, 85). 
Combining CHOP therapy with autologous stem cell transplant after first remission in AITL has 
shown promising outcomes (3, 5). In younger patients less than 60 years of age, etoposide in 
addition to CHOP is prescribed as front line therapy, since it appears to improve patient outlook 
(3, 5, 86, 87). For elderly patients, CHOP is still recommended as the standard first line therapy 
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(86). These therapeutic regimens for patients > 60 years of age tend to be milder and focus on 
suppressing symptoms associated with AITL rather than being curative (5). Although the 
response rate to these initial CHOP therapies is high, AITL patients are also extremely prone to 
relapse, and as such, the 5-year survival rate remains quite low at around 30% (3, 5, 88, 89).  
 For relapsed and refractory cases of AITL, studies observing cohorts of AITL patients 
that received allogenic stem cell transplantation yielded positive results, with high 5-year overall 
survival rates of 80% (3, 90). However, this type of therapy is not always feasible for patients as 
a result of their age, presence of comorbidities, or inability to locate an appropriate donor (3). 
Due to the Tfh cell-derived nature of AITL,  and the natural ability of Tfh cells to support B cell 
proliferation and survival, the majority of the tumor mass can be attributed to B cells (3, 11, 14). 
Consequently, one intriguing idea to treat AITL would be to use a B cell depleting therapy such 
as anti-CD20 (rituximab) in addition to standard CHOP regimen. However, studies reported that 
although rituximab plus CHOP had a high overall response rate, the progression-free survival 
rates were not better than CHOP therapy alone (91). One possible explanation for why B cell 
depletion in AITL tumors does not lead to durable responses is that although B cells contribute to 
AITL-associated pathologies, they are not the primary drivers of disease (91).  
 Bearing in mind the T cell hyperactivity associated with AITL, therapies designed to 
either inhibit T cell-B cell (T-B) crosstalk or TCR activation may be more effective. On this 
note, treating a small cohort of AITL patients with dasatinib, an inhibitor of multiple Src family 
kinases, many of which are involved in TCR downstream activation, showed partial 
effectiveness in relapsed/refractory AITL patients (92). In murine models, PI3K signaling has 
been shown to be a critical regulator of Tfh cell differentiation (93). Moreover, in a group of  
relapsed/refractory PTCL patients, including 3 AITL patients, the use of duvelisib, a PI3K/ 
inhibitor, showed an overall response rate of 50% (5, 94).  Due to the Tfh cell nature of AITL, 
inhibitors of Bcl6, which have shown efficacy in certain B cell lymphomas, may also be an 
attractive candidate for future AITL therapies (95).  
 As aforementioned, a majority of AITL patients carry mutations in epigenetic modifiers 
such as TET2, DNMT3A or IDH2, which also impacts DNA methylation patterns and gene 
expression (54, 63). In myeloid malignancies associated with TET2 mutations, use of 
hypomethylating agent 5-azacytidine has shown encouraging results (96, 97). Administering 5-
azacytidine to AITL patients demonstrated higher overall and complete response rates, even 
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when compared to other PTCLs (98).  Moreover, all AITL patients who experienced a response 
after 5-azacytidine treatment also carried TET2 mutations (98), potentially indicating that TET2 
loss-of-function mutations continually help maintain AITL disease. Although much research has 
been done and is underway to improve AITL therapies and patient outcomes, currently, there is 
no effective therapy for AITL patients. Therefore, understanding the molecular pathways and 
cellular interactions which support the expansion of neoplastic Tfh-like cells may help develop 
novel therapeutic options.  
 
1.2 T follicular helper cells and the germinal center 
 
1.2.1 Overview of germinal centers  
Germinal centers are microanatomical structures which develop within B cell follicles of 
secondary lymphoid organs such as the spleen or lymph nodes, typically after immunization or 
infection (34, 99-102).  In gut mucosal areas such as Peyer’s patches, spontaneous GCs also 
develop due to constant exposure to foreign dietary antigens as well as commensal bacteria 
(103). A general overview of important steps within the GC reaction will be discussed in sections 
1.2.1.1-1.2.1.3 and is also depicted in Figure 1.1. Germinal centers are the site of B cell clonal 
expansion and differentiation into high affinity antibody-secreting plasma cells or memory B 
cells (101, 102). GCs are further segregated into two distinct compartments, the dark zone (DZ) 
and light zone (LZ) (100-102, 104). It is within the DZ that B cells rapidly divide and undergo 
somatic hypermutation (SHM) to produce high affinity B cell receptors (BCR) (100-102, 104). 
In the LZ, follicular dendritic cells capture and retain intact antigen such that B cells with 
suitable BCR signaling capacity are protected from apoptosis (104-106). From here B cells will 
compete based on the affinity of their BCR for Tfh cell help, and if successful, Tfh cells will 
support the survival and differentiation of these high affinity B cell clones (100-102, 104, 106). 
In addition to promoting B cell selection, and survival, Tfh cells also facilitate cyclic re-entry 
into the DZ for further rounds of SHM (104). Tfh cells provide help through a variety of 
signaling pathways including TCR-peptide/major histocompatibility complex II (MHCII) 
interactions, costimulatory molecules, adhesion molecules, cytokines and chemokines (34, 35, 
48, 107). There are also numerous regulatory molecular elements involved in the GC reaction 
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which, if not properly balanced, can lead to the onset of autoimmune disease or lymphomas 
derived from either T or B cell lineages (35).  
 
 (1) In the T cell zone, dendritic cells (DC) prime naïve CD4+ T cells and support initial Tfh cell 
generation by providing costimulatory signals and an optimal cytokine environment. (2)  At the 
T-B border, pre-Tfh cells will interact with bystander B cells until they find their cognate B cell 
and then form stable T-B conjugates. (3) GC B cells in the GC dark zone rapidly proliferate and 
mutate their immunoglobulin genes. (4) GC B cells migrate into the light zone where they are 
exposed to antigen captured by FDCs. These GC B cells can also re-enter the dark zone to go 
through more rounds of somatic hypermutation. (5) GC B cells in the light zone compete for Tfh 
cell help. (6) GC B cells with antigen-specific B cell receptors (BCRs) can differentiate into 
memory B cells (B mem) or plasma cells (PCs). 
 
1.2.1.1 GC Initiation 
GC formation initiates when B cells bind to either soluble antigen or antigen presented on 
the surface of FDCs, dendritic cells (DCs) or macrophages, which leads to activated B cell 
migration towards the T cell zone (101). In order for naïve CD4+ T cells to differentiate into the 
Tfh cell lineage, they first must undergo priming with antigen-presenting DCs and receive 
antigen-specific TCR stimulation, where T cells with stronger peptide/MHCII binding are more 
Figure 1.1 Overview of the germinal center reaction 
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likely to become Tfh cells (34, 107-109). Additionally, proper Tfh cell differentiation depends on 
costimulatory molecules, such as CD28 and ICOS, adhesion molecules as well as cytokines IL-6 
and IL-21 (35, 107) and will be further discussed in sections 1.2.2 and 1.2.3, respectively. 
Importantly, naïve CD4+ T cells induce a short-lived primary wave of Bcl6 expression when 
primed by DCs, whereas interaction with cognate B cells augment Bcl6 expression levels and 
establish the Tfh cell program (110). Moreover, upregulation of Bcl6 is also associated with 
increased expression of other signature Tfh cell proteins such as CXCR5,  PD-1 and ICOS (110-
113). More details regarding Bcl6 function in the context of both T and B cells in GCs will be 
reviewed in section 1.2.4. In particular, increased expression of CXCR5 is a critical event to 
allow pre-Tfh cells to migrate towards the B cell follicle through its attraction to ligand CXCL13 
(35, 107). Importantly, expression of CXCR5 is insufficient to mediate migration into the follicle 
and rather must be synchronized with the reduction of C-C chemokine receptor type 7 (CCR7) 
levels, important for T cell zone retention (34, 35, 108, 114). At the T-B border, primed pre-Tfh 
cells will interact with both bystander and cognate B cells which serve as primary antigen-
presenting cells (APCs) to further reinforce the Tfh cell program (34, 107, 110). Here, ICOS 
signaling plays an important role to facilitate both T cell migration and costimulation at the T-B 
border until pre-Tfh cells locate their cognate B cells (115). Generally, PD-1 is believed to 
negatively regulate Tfh cells by inhibiting T cell activation, however, at the T-B border, 
independent of TCR signaling, PD-1 can also inhibit T cell recruitment into B cell follicles by 
limiting CXCR3 expression (116, 117). Importantly, once pre-Tfh cells receive antigen-specific 
signals from cognate B cells, they will form conjugates stabilized by signaling lymphocytic 
activation molecule (SLAM) family receptors and their adaptor protein SAP as well as 
lymphocyte function-associated antigen-1 (LFA-1), which maintains the Tfh cell phenotype and 
allows for GC formation (35, 107, 110, 118-120).  
1.2.1.2 Intimate T-B communication at the height of the GC response  
Generally, Tfh cells are key in supporting GC B cell differentiation through the 
production of IL-4 and IL-21 as well as expression of CD40L (102, 121-125) (Fig. 1.2A-C).  
Further details on how these cytokines and molecules support the GC response will be discussed 
in sections 1.2.2 and 1.2.3. It is largely within the LZ where T-B communication serves an 
essential role in the selection of GC B cells with high affinity BCRs to promote their 
proliferation and differentiation (104). Tfh cells interacting with antigen-specific B cells respond 
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by increasing contact surface area (also described as entanglement between T and B cells) and 
contact duration time (119, 124, 126). Generally, these entangled T-B contacts are transient, 
lasting less than 5 minutes, however, higher amounts of cognate peptide/MHCII presentation 
from B cells can increase this contact time, leading to stable T-B conjugates (104, 124, 126, 
127). The formation of these stable conjugates is essential for proper GC development as well as 
antibody production and in addition to this, stronger T-B communication preferentially facilitates 
GC B cell differentiation into plasma cells (125). In line with this idea, reduced humoral 
immunity is observed in SAP-deficient mice, since durable T-B conjugates cannot be properly 
formed in the absence of SAP-expressing CD4+  T cells (128).  
1.2.1.3 Mechanisms and outcomes of GC response  
Tfh cells are fundamental in determining the final fate of GC B cells to differentiate into 
memory B cells or antibody-secreting plasma cells (35, 107, 129). Plasma cell lineage 
commitment is heavily dependent on the stable formation of T-B contacts supported by 
CD40/CD40L, LFA-1/ICAM-1 and SLAM/SLAM interactions (125, 130) (Fig. 1.2B).  Although 
transcription factor Bcl6 plays a critical role in supporting GC B cell differentiation and function, 
its downregulation is necessary for commitment into memory B cells or plasma cells (125, 131-
134). Plasma cell differentiation is initiated by high expression levels of transcription factor 
interferon regulatory factor 4 (IRF4), which then induces expression of B lymphocyte-induced 
maturation protein 1 (Blimp1) in an IL-21 dependent manner, reinforcing the plasma cell 
program (129, 135-139).  Interestingly, B cell-specific loss of IRF4 leads not only to failed 
plasma cell generation, but a reduction in differentiated GC B cells (139). This has been linked to 
the relative dose of IRF4 within a given B cell. While lower amounts of IRF4 stimulate 
activation-induced cytidine deaminase (AID) and Bcl6 expression, which promotes class-switch 
recombination (CSR) and early GC B cell differentiation, higher IRF4 levels drive Blimp1 
expression and thus, terminal plasma cell differentiation (129, 138-140) (Fig. 1.2D). Blimp1 
facilitates global changes in gene expression to maintain the plasma cell phenotype as well as to 
support efficient immunoglobulin (Ig) secretion (132, 136, 141). However, Blimp1 is not 
essential to initiate plasma cell formation, and instead, it maintains mature plasma cell 
differentiation and supports the main purpose of plasma cells as antibody-secreting cells (137). 
Lastly, once formed, plasma cells migrate to bone marrow niches where they receive survival 
signals such as CXCL12, APRIL and BAFF from the stromal environment (142, 143).  
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 Memory B cell formation is also an important part of long-lived immunological memory 
and another potential fate of the GC reaction (144). Memory B cells are able to rapidly re-
activate and produce class-switched high affinity antibodies in response to a previously 
experienced pathogen (144). Generally, high affinity GC B cells are more likely to differentiate 
into plasma cells, possibly due to their ability to elicit more help from Tfh cells and form 
stronger T-B contacts (145). In contrast, it has been reported that low affinity GC B cells are 
predetermined to become part of the memory B cell lineage (146-148). Although specific 
lineage-defining transcription factors such as Blimp1 in plasma cell biology have not been 
clearly identified for memory B cells, high levels of transcription factor Bach2 has been 
suggested to preferentially promote memory B cell differentiation (144, 148).  
Once Tfh cells have completed their B cell helper activities they can either migrate into a 
different GC or follicle or can downregulate Bcl6 to become a memory Tfh cell (34, 149-151).  
Memory Tfh cells still express CXCR5, but have lower amounts of PD-1 and Bcl6, although, 
levels of Bcl6 can be rapidly upregulated upon interaction with cognate memory B cells (152, 
153). In both humans and mice, it appears that memory Tfh cells can also develop in the absence 
of proper GCs, since SAP-deficient mice and humans do not have fully differentiated Tfh cells, 
yet circulating memory Tfh cells have been identified (35). In both humans and mice, although 
memory or long-lived Tfh cells have been reported, and functional studies demonstrate their 
ability to support memory B cell responses, the manner in which they originate, either as 
memory CD4+ T cells with Tfh-like features or Tfh cells with acquired memory properties, has 
yet to be clearly elucidated (35, 108, 153).  
 
1.2.2 Critical cytokines supporting Tfh cell differentiation and GC dynamics 
Numerous cytokines play critical roles in the GC and impact both T and B cell 
differentiation and function (Fig. 1.2C). Initiation of the Tfh cell program in mice depends 
heavily on a specific cytokine milieu which contains IL-6 and IL-21 (34, 48). In contrast, for 
humans, Tfh cell generation appears to be influenced by a different cytokine milieu involving 
TGF-, IL-12 and IL-23 (35). Nevertheless, in murine models, IL-6 is essential for supporting 
early stages of Tfh cell differentiation by transiently elevating Bcl6 levels (112, 154-156). In 
contrast, loss of IL-6 signaling does not impact GC B cell development, although the generation 
of antigen-specific class-switched antibodies is affected (156, 157).  IL-6 signaling can also 
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promote IL-21 production (155, 158, 159), through c-Maf mediated association with IL-21 gene 
regulatory elements, which may reinforce Tfh cell differentiation and provide help to B cells 
(160).  
With regards to the role of IL-21 signaling in Tfh cells, three different outcomes have 
been reported. In some instances, IL-21 signaling deficiency alone had no impact on Tfh cell 
generation (156, 157, 161, 162), which may be explained by the compensatory nature between 
IL-6 and IL-21 through shared STAT1 and STAT3 signaling pathways (35, 154, 156-158). In 
other studies, lack of IL-21 signaling impaired Tfh cell formation (163, 164), while it has also 
been suggested that the absence of IL-21 signaling does not impact early Tfh cell generation but 
only later stages of Tfh cell maintenance (165).  Nonetheless, overall, IL-6 and IL-21 are 
essential to support GC reactions but may have different functions depending on the type of 
immune challenge (protein immunization versus viral infection).  
Tfh-produced cytokines IL-4 and IL-21 are also key components for supporting GC B 
cell proliferation, affinity maturation and selection (35). Both IL-4 and IL-21 have been reported 
to regulate Bcl6 expression in GC B cells (123, 165). Loss of IL-21 signaling negatively impacts 
GCs by reducing GC B cell proliferation and plasma cell generation (161, 165). IL-4-producing 
Tfh cells have also been shown to express high levels of CD40L (166), which enhances plasma 
cell production (125, 167). IL-4 also regulates AID gene expression in GC B cells, and thus 
supports the production of high affinity class-switched antibodies (168). The process of affinity 
maturation and CSR is reliant on both IL-4 and IL-21, as deficiency in either cytokine has been 
linked to impaired IgG1 affinity maturation (161, 165, 169, 170). Interestingly, mice lacking the 
IL-21 receptor have increased IL-4 dependent production of IgE, potentially linked to sequential 
class-switching, a model unique to the IgE subtype (169, 171). Importantly, it has been reported 
that during the GC response, Tfh cells gradually differentiate into IL-21- and then IL-4-
producing cells which are differentially localized and also have distinct transcriptional profiles 
(166). These differences also impact their B cell helper functions as IL-21-producing Tfh cells 
are reported to be superior in supporting high affinity maturation whereas IL-4-producing Tfh 
cells are better at promoting plasma cell differentiation and CSR (108, 166).  
For Th1, Th2 and regulatory T cell lineages, IL-2 plays an important role in supporting 
their differentiation and growth (172), however, in contrast, IL-2 signaling through STAT5 has 
an inhibitory role in Tfh cell development, as it suppresses Bcl6 expression (173, 174).  CD4+ T 
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cells with stronger TCR signaling upregulate Bcl6 and become IL-2-producing Tfh precursor 
cells which can then deliver IL-2 in a paracrine way to reinforce a Blimp1-mediated 
differentiation program in non-Tfh effector cells (175). In line with this, it has also been 
observed that Tfh cells produce large amounts of IL-2 during the GC response and yet remain 
unresponsive to this Tfh cell suppressing cytokine (176). Within this context, intrinsic IL-6 
signaling prevents STAT5 binding to the Il2rb locus, thereby downregulating a component of the 
IL-2 receptor, IL-2R (176).   
 
1.2.3 Costimulatory and adhesion molecules at the T-B interface 
The intimate T-B crosstalk that initiates at the T-B border and continues inside the GC is 
central to successful humoral immunity. There are numerous molecules which support and 
finetune this interaction to ensure its success. While cognate T and B cell interactions heavily 
depend on antigen-specific TCR signaling strength, the expression and upregulation of 
costimulatory, coinhibitory as well as adhesion molecules also guides the differentiation and 
maintenance of Tfh and GC B cells (35) (Fig. 1.2B). CD28, CTLA-4 and ICOS are part of the 
immunoglobulin superfamily, sharing a common evolutionary origin as a result of tandem 
duplication of an ancestral gene with different, albeit important roles in Tfh cell biology (121, 
177, 178).  Both CD28 and ICOS positively regulate T cell activation and Tfh cell formation 
(121, 179-181). Loss of CD28 or ICOS signaling in mice leads to deficiencies in Tfh cell 
development and GC formation, whereas ICOS overexpression caused by the sanroque mutation 
in Roquin-1 leads to spontaneous GCs and increased frequency and activity of Tfh cells (35, 179, 
182-185). In contrast, CTLA-4 inhibits Tfh cell differentiation, as CTLA-4 deficiency in mice 
causes increased Tfh cell numbers and B cell responses (186, 187).  
CD28 is expressed on the surface of both naïve and activated CD4+ T cells whereas ICOS 
is upregulated after TCR activation and/or CD28 costimulation (121, 181). Although initial 
studies reported that CD28 is only important during early Tfh cell generation, specifically during 
T cell priming, recent research suggests it may also be critical for Tfh cell survival and 
maintenance (183, 184, 188). CD28-mediated signaling also induces the expression of other 
costimulatory molecules essential for Tfh cell generation, such as ICOS which is involved in 
Bcl6 upregulation and production of key GC cytokines, IL-4 and IL-21 (180, 185, 187). ICOS is 
reported to impact Bcl6 expression through its ability to inactivate transcription factor FOXO1, 
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an inhibitory pathway to Tfh cell differentiation (84). However, ICOS signaling subunit p85 
has also been observed to aid in the stabilization of Bcl6 expression (189). ICOS signaling 
initiated by engagement with ICOSL-expressing bystander B cells at the T-B border also 
facilitates T cell motility in a PI3K-dependent manner (115).  Additionally, within the GC itself, 
ICOS-ICOSL signaling is implicated in the formation of entangled T and B cell contacts that 
promotes a feedforward loop involving ICOS-mediated calcium signaling and the CD40/CD40L 
pathway, which supports B cell differentiation (124). Moreover, ICOS is also important in 
maintaining Tfh cell homing molecules such as CXCR5 by downregulating transcriptional 
repressor Krüppel-like factor 2 (Klf2) (188).   
The SLAM family of receptors and adaptor protein, SAP through their role as adhesion 
molecules also stabilize T-B contacts in the GC (119, 120). More details regarding the types of 
SLAM family receptors involved in the GC response and signaling transduction pathways 
through SAP will be discussed at length in section 1.2.5. Additionally, integrins and adhesion 
molecules also facilitate the humoral immune response (190). Integrin LFA-1 and intercellular 
adhesion molecule-1 (ICAM-1) are important in T-B interactions and the GC response and will 
be examined in section 1.2.6.   Other than that, integrin v  also supports GC formation but is not 
key in the formation T-B conjugates (191). Instead, it is important in facilitating interactions 
between Tfh cells and the extracellular matrix to properly localize Tfh cells within the B cell 
follicle and generate long-lived plasma cells (191). Additionally, other proteins normally 
involved in different biological processes have also been recently associated with Tfh cell 
interactions with GC B cells (190). For instance, the interaction between Plexin B2 and 
Semaphorin 4C, molecules normally involved in synapse formation and axon guidance in the 
nervous system  can support T-B adhesion and GC recruitment (190, 192). Lastly, ephrin B1 
(EFNB1), usually associated with cell migration and axon guidance during development is also 










(A) In the germinal center, communication between Tfh and GC B cells occurs in an antigen-
specific manner and is supported by adhesion molecules, costimulatory molecules and cytokines. 
(B) T-B crosstalk in GCs is maintained by costimulatory molecules such as ICOS and CD40L as 
well as adhesion molecules such as integrin LFA-1 and SLAM family receptors. The adaptor 
protein SAP, downstream of SLAM family receptors is also a critical mediator of T-B 
interactions. These stable T-B contacts are important for promoting GC B cell differentiation into 
plasma cells. This occurs through a process where GC B cells downregulate Bcl6 expression and 
upregulate IRF4, thereby initiating their transition into the plasma cell lineage. (C) IL-4 and IL-
21 are key cytokines produced by Tfh cells within the context of the GC response and support T-
B communication. Both IL-4 and IL-21 can regulate Bcl6 expression in GC B cells and have 
been implicated in promoting somatic hypermutation (SHM) and class switch recombination 
(CSR). IL-21 is also important for inducing expression of Blimp1, another signature plasma cell 
transcription factor. In Tfh cells, IL-21 can support STAT1 and STAT3 signaling pathways 
which further promote Tfh cell maintenance.  (D) In B cells, the relative level of IRF4 impacts B 
cell differentiation. Low IRF4 levels lead to increased Bcl6 and AID expression, promoting early 
GC B cell differentiation. High levels of IRF4 supported by stable T-B conjugate formation leads 
to Blimp1 expression and terminal plasma cell differentiation.  
 
Figure 1.2 Overview and potential outcomes of intimate T-B communication 
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1.2.4 B cell lymphoma 6 (Bcl6): Central transcription factor of the GC reaction 
Bcl6 was first identified as a proto-oncogene involved in the pathogenesis of diffuse large 
B-cell lymphoma (DLBCL) (194). Bcl6 is part of the BTB/POZ (bric-a-bric, tramtrack, broad 
complex-poxvirus zinc-finger) family of zinc-finger containing transcription factors (35, 195). 
Overall, Bcl6 is a transcriptional repressor whose most well-studied functions surround GC 
dynamics for both B and T cells (112, 149, 162, 195-199).  However, outside of the GC, Bcl6 
has also been reported to impact macrophage activity (199, 200). Bcl6 deficiency in mice leads 
to the inability to form GCs and mount proper antibody responses, owing to its fundamental role 
in GC B and Tfh cell programs (201, 202). Bcl6-/- mice also experience lethal Th2-mediated 
immune infiltration in many organs including the lungs and heart as a result of increased 
inflammatory chemokine production by Bcl6-deficient macrophages (203). Importantly, this 
observation is specific to the DNA-binding ability of Bcl6 (202, 204, 205). Bcl6 has three 
conserved domains: a N-terminal BTB/POZ domain, a central domain containing a second 
repression domain (RD2)  and a C-terminal zinc-finger domain (195, 206, 207). The N-terminal 
domain is important for transcriptional repression, dimerization and interaction with corepressors 
such as Bcl6 corepressor (BCOR) (195, 207).   
Bcl6 interaction with corepressors is important for its ability to support Tfh cell identity, 
as Bcl6 BTB domain mutant mice show defects in Tfh cell differentiation and antigen-specific 
antibody responses (204, 208). The middle portion of Bcl6 is critical for transcriptional 
repression  through its interactions with HDAC2, Nucleosome remodeling and deacetylase 
complex (NuRD) and Metastasis associated protein 3 (MTA3) and is also involved in Bcl6 
protein stability (195, 207, 209). Mice lacking this middle domain or mice with an acetylated 
middle domain that prevents MTA3 binding have impaired GC B cell differentiation and Tfh cell 
function (205, 210). The middle domain also contains PEST motifs which regulates Bcl6 protein 
stability (195). Downstream of antigen-specific BCR activation, phosphorylation of this middle 
domain via MAPK facilitates Bcl6 degradation, thereby encouraging post-GC fates such as 
plasma cell differentiation (211). Interestingly, corepressor C-terminal binding protein 1 (CtBP) 
can interact with the POZ and middle domains of Bcl6 and together, their recruitment to the Bcl6 
promoter region suppresses its own transcription (212). In DLBCL, point mutations found in the 
first non-coding exon of BCL6 have been linked to loss of this negative autoregulatory loop (213, 
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214).  In Tfh cells, however, it has been reported that this negative autoregulation involves 
interactions between Bcl6 and nuclear receptor corepressor1 (NCOR1) (215).  
The C-terminal domain contains six C2H2 zinc-fingers that facilitate the DNA-binding 
ability of Bcl6 to specific DNA sequences (195, 207).  Importantly, only the latter zinc-fingers 3 
to 6 are required to mediate repressive Bcl6 binding activity and accordingly, genetic ablation of 
this DNA-binding region leads to reduced Tfh and GC B cell responses (197, 202, 216, 217).  
While these zinc-finger mutants still produce a truncated form of Bcl6, they are considered 
functionally null as they match the phenotype of Bcl6 protein null mice (202). Certain zinc-
fingers are also associated with nuclear localization, as mutating zinc-finger 4 or 6 promotes the 
cytoplasmic localization of Bcl6 (216). Further, experiments that compare Bcl6 zinc-finger 
deficient mice in parallel with BTB/corepressor binding or middle RD2 domain mutants 
demonstrate that although there are substantial deficits in GC formation and Tfh cell 
development, their phenotypes do not perfectly match Bcl6 mutant mice without zinc-fingers 
(204, 205). This strongly suggests that the DNA-binding ability of Bcl6 is essential in mediating 
its action in both T and B cell lineages.  
Although Bcl6 was first reported to exert its repressive function by binding to promoter 
regions, genome-wide sequencing approaches reveal that in T cells, B cells and macrophages, 
Bcl6 can also bind to intergenic, intron and exon regions (198, 199, 218).  Among these three 
cell types, though Bcl6 does have shared gene targets, a majority of Bcl6 bound genes were 
unique between T cells, B cells and macrophages and in addition to this, Bcl6 binding motifs 
differed between Tfh and non-Tfh cells (199). Moreover, Bcl6 is differentially expressed in GC 
B cells as compared to Tfh cells (149).  Throughout most of the GC response, Bcl6 levels 
continue to be maintained in GC B cells whereas Tfh cells gradually reduce levels of Bcl6 
towards the end of the GC reaction, which is reported to correspond with increased expression of 
markers associated with a quiescent, memory-like state (149). Specifically in GC B cells, it 
appears that Bcl6 through its interaction with a non-canonical polycomb repressive complex 1 
(PRC1) that includes BCOR can cooperate with EZH2 to repress activation of genes involved in 
cell cycle arrest or plasma cell differentiation (206, 219). While this particular mechanism has 
not been identified in Tfh cells, CD4-specific BCOR deficiency, loss of Bcl6-corepressor 
interactions as well as CD4-specific EZH2 deficiency leads to impaired Tfh cell responses and 
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thus, it is plausible that Tfh cells and GC B cells may share this Bcl6-BCOR-EZH2 pathway 
(Fig. 1.3) (208, 220, 221).  
Post-translational modifications to Bcl6 also modulate its function in both B and T cell 
lineages (206). Within the context of DLBCL, it has been shown that F-box only protein 11 
(FBXO11) containing ubiquitin ligase complex plays a role in the ubiquitylation of Bcl6, which 
leads to its degradation (222). In line with this, GC B cell-specific loss of FBXO11 causes 
increased GC B cell formation and Bcl6 expression (223). Additionally, in Tfh cells, Bcl6 is 
protected from ubiquitin-mediated degradation as a result of interactions between PI3K subunit 
p85α and osteopontin (OPN-i) (189).  Moreover, p300-mediated acetylation or protein arginine 
methyltransferase 5 (PRMT5)-mediated methylation of Bcl6 also modulates its ability to repress 
GC B cell target genes (224, 225).  Lastly, localization of Bcl6 in the cytoplasm or nucleus in 
Tfh cells is influenced by serine/threonine protein kinase D2 (Prkd2)-dependent phosphorylation, 
which inhibits its function (226).  
Thus, the multiple layers of regulatory mechanisms controlling Bcl6 expression and 
localization reflects its pivotal role in regulating GC responses and humoral immunity. To exert 
its function in GC B or Tfh cells, Bcl6 must be able to localize into the nucleus and bind its 
target genes in order to introduce epigenetic changes and alter gene expression patterns.   
1.2.4.1 B cell-specific functions of Bcl6 
Even before proper GC formation, Bcl6 protein levels are upregulated in B cells, which 
has been associated with promoting GC entry and stabilizing T-B interactions (149). Bcl6 is also 
involved in the suppression of genes that govern GC exit such as those encoding IRF4 and 
Blimp1 proteins and consequently, Bcl6 downregulation is important for commitment into 
plasma cell or memory B cell lineages (207, 227, 228). More specifically, in order for plasma 
cell lineage commitment to occur, GC B cells must not only downregulate levels of Bcl6 protein, 
but also upregulate levels of IRF4, a biological process dependent on stable T-B conjugates and 
CD40 signaling (125). Importantly, it has been shown that CD40-mediated activation of NF-B 
in B cells activates Irf4 expression, which in turn is able to repress Bcl6 transcription by binding 
to its promoter region (229).  Additionally, in GC B cells, Bcl6 can suppress apoptotic and cell 
cycle arrest through direct repression of tumor-suppressor p53 or indirectly by repressing the 
activation of p21, a cell cycle arrest gene, through interactions between Bcl6 and Miz-1 (230-
232). This is key during the GC response when GC B cells must rapidly proliferate and undergo 
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DNA breaks and recombination for SHM as well as CSR without triggering apoptosis or cell 
cycle arrest (230).  
1.2.4.2 T cell-specific functions of Bcl6 
Early in the GC response, during DC priming, Bcl6 is transiently upregulated in pre-Tfh 
cells, however, in order to fully acquire GC Tfh cell features, a second stronger and continuous 
wave of Bcl6 expression is needed (110). Induction of Bcl6 in CD4+ T cells has been reported to 
occur through multiple pathways. Initial Bcl6 upregulation is likely a result of STAT1 and 
STAT3 activation downstream of IL-6 receptor signaling (154). It has also been shown that type 
I interferons (IFN) through STAT1 activation can induce certain aspects of the Tfh cell 
phenotype such as Bcl6, CXCR5 and PD-1 (233). Additionally, in Roquinsan/san mice, which 
experience lupus-like symptoms, excessive interferon-γ signaling has been linked to Tfh cell 
accumulation and Bcl6 overexpression (234). Moreover, transcription factor T cell factor 1 
(TCF1) is also important in promoting Bcl6 expression through its ability to recruit histone 
methyltransferase EZH2 in its phosphorylated form to the Bcl6 promoter and thus, loss of either 
TCF1 or EZH2 leads to an impairment in Tfh cell differentiation (Fig. 1.3) (221, 235).  
Bcl6 maintains Tfh cell identity and function largely through the repression of genes 
relating to other T helper cell phenotypes (35). Studies of Bcl6-/- mice show increased skewing to 
Th1, Th2 and Th17 cell lineages, attributed to the ability of Bcl6 to bind to the promoter of genes 
associated with Th1, Th2 and Th17 cell differentiation (112, 113, 198, 236).  Bcl6 in Tfh cells 
mostly binds to motifs at promoter or enhancer sites also associated with STAT or AP-1 
transcription factors, suggesting that Bcl6 works in concert with other factors to enforce the Tfh 
cell program (35, 198, 199). On this note, IL-2- or IL-7-mediated activation of STAT5, which 
represses Bcl6 and Tfh cell differentiation may be due to competition between STAT5 and Bcl6 
as a result of their shared binding sequences (173, 199). Analogous to GC B cells, Bcl6 also 
limits Blimp1 expression in Tfh cells by binding to its promoter region in order to maintain Tfh 
cell identity (111, 198). In one study, overexpression of Bcl6 in non-Tfh cells from human 
tonsils demonstrated its ability to increase protein levels of CXCR5, PD-1, SAP, CD40L, and 
ICOS, although, whether this occurs in a direct or indirect manner is unclear in some cases (237). 
For instance, although CXCR5 is associated with Bcl6-expressing CD4+ T cells during the GC, 
numerous reports suggest that Bcl6 does not directly induce CXCR5 expression and instead, 
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CXCR5 expression may be regulated by other transcription factors which also regulate Tfh cell 
activities such as Ascl2, Maf and Klf2 (188, 196, 215, 237, 238).  
 
Figure 1.3 Example of GC regulation mediated by Bcl6 and EZH2 and potential 
implications for AITL disease 
Left panel: In Tfh cells, transcription factor TCF1 can facilitate the recruitment of EZH2 in its 
phosphorylated form to the Bcl6 promoter, which leads to Bcl6 induction. Right panel: In GC B 
cells, Bcl6 and its corepressor BCOR cooperates with methyl transferase EZH2 to add repressive 
H3K27me3 marks to genes involved in GC exit, plasma cell differentiation and checkpoints of 
cell proliferation. This mechanism has been implicated in the onset of certain  B cell lymphomas 
of germinal center origin such as DLBCL. Although such a mechanism has not been validated in 
Tfh cell biology, considering the important role both BCOR and EZH2 independently play in 
Tfh cell function, it is highly plausible that a parallel Bcl6-BCOR-EZH2 pathway operates in Tfh 
cells and in AITL disease. 
 
1.2.5 Signaling lymphocytic activation molecule (SLAM) family receptors and SLAM-
associated protein (SAP) 
SLAM family receptors are type I transmembrane receptors with six members: SLAMF1 
(SLAM; CD150), SLAMF3 (CD229; Ly-9), SLAMF4 (2B4; CD244), SLAMF5 (CD84), 
SLAMF6 (Ly108) and SLAMF7 (CRACC; CD319) (239, 240). SLAM family receptors are 
generally involved in homotypic interactions, although other methods of engagement are 
reported for SLAMF4 and SLAMF7 (239, 241). SLAM family receptors are broadly expressed 
on immune cells; however, only SLAMF1, SLAMF5 and SLAMF6 have been implicated in 
humoral immunity and will be discussed in more detail within this section (120, 128, 242). 
SLAM family receptors contain immunoreceptor tyrosine-based switch motifs (ITSM) through 
which they interact with the SH2 domain found in proteins part of the SAP family of adaptor 
proteins (239, 243). There are three adaptor proteins: SAP, Ewing’s sarcoma-associated 
transcript-2 (EAT-2) and EAT-2 related transducer (ERT), of which only SAP is reported to 
directly impact GC responses and Tfh cell activity (119, 120, 128, 244, 245). With the exception 
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of SLAMF7 which interacts only with EAT-2, all SLAM family receptors can interact with SAP 
(239). Moreover, through the arginine 78-containing motif of SAP, it can uniquely interact with 
the SH3 domain of Fyn kinase, leading to receptor tyrosine phosphorylation and activation of 
downstream signaling pathways (240, 243). SLAM family receptor association with SAP or 
EAT-2 inhibits binding of other SH2 domain-containing phosphatases such as Src homology 2 
domain-containing protein tyrosine phosphatase-1 (SHP-1) and consequently, in the absence of 
adaptor protein binding, SLAM family receptors become inhibitory receptors (239, 240, 243).  
SAP deficiency is strongly associated with defects in T cell-dependent GC formation and 
antibody responses, as result of a reduced ability for GC B and Tfh cells to form stable 
conjugates (119, 120, 128). Moreover, SLAMF5 and SLAMF6 are reported to promote and 
stabilize these T-B conjugates in the presence of SAP adaptor protein (120). Nevertheless, the 
result of mouse models of SLAMF5 or SLAMF6 deficiency and how they impact GC responses 
yield conflicting results. Although one group has shown that Slamf5-/- mice have partial defects 
in humoral immunity (120), other groups demonstrated that loss of either SLAMF5 or SLAMF6 
did not significantly inhibit GC development (246, 247). SLAMF1 has also been implicated in 
regulating the helper function of Tfh cells through IL-4 production, although, loss of SLAMF1 
alone does not impact Tfh cell differentiation (242). Moreover, triple deficiency in Slamf1, 
Slamf5 and Slamf6 does not hinder GC B or Tfh cell development after acute viral infection or 
protein immunization, however, enhanced antigen-specific plasma cell expansion in these triple 
knockout mice was only observed after protein immunization (247, 248). Importantly, most 
groups report that deficiency in all or select SLAM family receptors can restore the humoral 
immune defects associated with loss of SAP, strengthening the idea that SLAM family receptors 
are by default inhibitory receptors that exert even stronger negative effects on T-B crosstalk in 
the absence of SAP (246, 248, 249). A summary of SLAM family receptor ligands, expression 
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EAT-2, Ewing’s sarcoma-associated transcript-2; ERT, EAT-2 related transducer; DC, dendritic 
cell; NK cell, natural killer cell; GC, germinal center; SAP, SLAM-associated protein; SLAM, 
signaling lymphocytic activation molecule; Tfh, T follicular helper;  , positive; -, negative 
 
Table 1.1 Summary of similarities and differences between SLAM family receptors  
 
1.2.6 Lymphocyte function-associated antigen-1 (LFA-1) 
LFA-1 (CD11a/CD18) is a 2 integrin which binds ligand ICAM-1 and plays an important 
role in T cell migration and activation (251, 252). LFA-1 is expressed not only on T cells but 
also B cells, DCs, neutrophils and monocytes (252). While ICAM-1 is also expressed on these 
immune cells, it is also found on endothelial cells, and in this context facilitates tissue migration 
of immune cells (252, 253).  LFA-1 can exist in three different conformations which impacts the 
affinity of binding to ICAM-1 (251). Antigen-specific TCR activation leads to inside-out 
signaling by initiating a series of phosphorylation events that changes the conformation and 
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clustering of LFA-1 and thus, increases its affinity for ICAM-1 (251, 252). In particular, 
activation of the small GTPase Rap1 and the recruitment of RAPL, Rap1-interacting adaptor 
protein (RIAM) as well as talin, a cytoplasmic scaffolding protein, to LFA-1 is important for its 
activation (252, 254-257). Interactions between LFA-1 and ICAM-1 can also initiate numerous 
outside-in signaling pathways such as enzyme activation or deactivation, cytoskeletal remodeling 
and changes in gene expression (256). For instance, in T cells, LFA-1 activation can lead to 
phosphorylation of Lck and Zap70, which then further amplifies downstream TCR signaling 
pathways (256, 258). Additionally, LFA-1 engagement can lower TCR signaling threshold and 
appears to be needed for IL-2 and IFN- cytokine production as well as antigen-specific 
responses, which may be related to its role in supporting humoral immunity (259, 260).  
Upon immune challenge, levels of LFA-1 on Tfh cells as well as ICAM-1 on GC B cells 
increase (118, 261). It has been reported that B cell-specific expression of ICAM-1/2 supports 
long-lasting antigen-specific Tfh-B cell interactions and promotes plasmablast formation (125, 
261). Moreover, LFA-1 is also important for Tfh cell survival and differentiation as well as GC 
maintenance (118). It has also been observed that in the context of TCR activation, LFA-
1/ICAM-1 interactions are involved in Bcl6 protein induction in CD4+ T cells (118). In 
particular, Tfh cells express more high affinity LFA-1, and in line with this, mice with CD4-
specific loss of talin, essential in supporting the high affinity conformational change of LFA-1, 
could not induce Bcl6 levels or support Tfh cell differentiation (118). Thus, it is evident that 
LFA-1 interactions are pivotal in supporting T-B crosstalk not only through its adhesive 
properties, but also as a signaling molecule that can support TCR activation pathways, T cell 
survival and Tfh cell identity via Bcl6 expression.  
 
1.3 Immune surveillance in AITL 
 
1.3.1 Cell subsets involved in immune surveillance 
Tumor immune surveillance is an ongoing battle within the tumor microenvironment 
between developing cancer cells and immune cells (262). T cells, B cells, natural killer (NK) 
cells, innate lymphoid cells (ILCs), dendritic cells and macrophages have been implicated in the 
regulation of cancer growth (262, 263). As a result of this immune pressure, tumor cells that 
have not been removed adapt and gain survival advantages, allowing them to be resistant to 
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further elimination (262).  Tumor cells can do this by using numerous mechanisms which 
includes but is not limited to upregulation of inhibitory molecules such as PD-L1/PD-L2 and 
CD47 or downregulation of proteins involved in mediating apoptosis (264).   
Since only a minor portion of the AITL tumor mass is represented by the neoplastic Tfh-
like cell population, expansion of other immune cell types such as B cells, plasma cells and 
macrophages contribute to the dense tumor microenvironment and are likely to be important to 
augment AITL disease pathogenesis (3) (Table 1.2). Moreover, in AITL, circulating tumor Tfh 
cells are detected in patient blood samples and yet, tumor dissemination from one lymph node to 
the next can occur very rapidly over a few months or slowly over a span of many years (4, 10, 
91, 265). One possible explanation is that AITL tumor cells require a unique niche provided by 
either an extensive FDC network or other types of stromal cells in order to establish themselves 
successfully in other lymph nodes. However, another possibility is that the strength of opposing 
immune surveillance mechanisms may play a critical role in the rate of disease progression. On 
that note, there is some evidence in literature which may allude to the possibility of breached 
immune surveillance in AITL. AITL patients are reported to have higher levels of serum IL-10, 
an immunosuppressive cytokine as compared to PTCL-NOS and ALCL patients, which is also 
associated with worsened patient survival (78). Moreover, production of proangiogenic factor 
VEGF-A from both tumor and endothelial cells in human AITL can also impact the tumor 
microenvironment beyond the hallmark neovascularization common to AITL (27, 28). VEGF-A 
can have numerous immunosuppressive roles, and could possibly be involved in macrophage 
recruitment, protumor Treg cell activation or promoting exhaustion in antitumor CD8+ T cells 
within the AITL tumor microenvironment (266, 267). Lastly, since poor prognosis in AITL 
patients is associated with a higher proportion of M2-like macrophages (78, 81), one plausible 
interpretation is that these M2-like macrophages are poorly phagocytic and overall less effective 
in controlling disease. The subsequent sections will delve into different immune cell subsets 
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Table 1.2 Immunological features linked to the AITL tumor microenvironment 
1.3.1.1 Tumor-infiltrating lymphocytes 
Tumor-infiltrating lymphocytes (TILs) are generally classified as CD4+ helper and CD8+ 
cytotoxic T cells, however, CD4+ regulatory T cells (Treg) also play a protumor 
immunosuppressive role in the tumor microenvironment (275-277). Importantly, TILs tend to 
have a higher specificity and reactivity against tumor cells compared to non-TIL lymphocytes 
(276). Genetic mutations, epigenetic modifications or inappropriate signaling pathway activation 
are all important factors driving oncogenic transformation, which in turn can lead to the 
production of tumor-specific or tumor-associated proteins (278). These tumor antigens can be 
presented in the context of MHCI on the tumor’s cell surface, potentially eliciting a TIL-
mediated antitumor response (277, 278). By increasing perforin-mediated delivery of 
intracellular granzyme or expression of apoptotic molecules such as Fas ligand,  CD8+  cytotoxic 
T cells can facilitate their antitumor activity (279). CD8+ TILs preferentially remove tumor cells 
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that highly express MHCI and as such, over time, this leads to the survival of tumor cells with 
lower MHCI levels and reduced tumor antigen presentation, which can then evade TIL-mediated 
removal (277, 280). Finally, due to chronic antigen stimulation in the tumor microenvironment, 
TILs can also express exhaustion markers such as PD-1, which makes it difficult to mount an 
efficient antitumor response (281). 
The role of CD4+ T cell subsets within the tumor microenvironment is more intricate as 
various subpopulations in different contexts show helper, cytotoxic as well as 
immunosuppressive functions (282). Certain subsets such as Th1 cells have antitumor functions 
by producing IFN- and promoting the recruitment of other antitumor cells such as CD8+ T cells 
or NK cells (282). Moreover, other CD4+ T cell subsets such as Th2 or Th17 cells have been 
associated with both antitumor and protumor roles (282). Lastly, Treg cells are reported to 
provide an immunosuppressive environment through their ability to produce TGF- and thus 
oppose antitumor immune cell activities (275, 282).   
In many types of solid cancers such as breast cancer, the increased presence of CD8+ 
TILs within the tumor is often associated with improved clinical prognosis (262, 277, 283). 
However, in AITL as well as DLBCL, patients with more cytotoxic T cells or a cytotoxic T cell 
gene signature are associated with poor prognosis and clinical outcomes (272, 284). This may 
reflect immune pressure by these TILs such that only the tumor cells which have evolved to 
become resistant to TIL-mediated killing mechanisms can continue to survive and support tumor 
growth (284). To also support this, gene expression studies of AITL samples show enrichment of 
genes associated with cell division, cell cycle progression and anti-apoptosis (285).  
Although increased tumor mutational burden is expected to positively correlate with the 
presence of neo-antigens, in the context of cancer immunotherapy, elevated neo-antigen 
formation is not always associated with improved antitumor responses (278). Tumor mutational 
burden can vary greatly depending on the cancer type from as low as 0.001 mutations per 
Megabase (Mb) to more than 400 mutations/Mb (286). In one cohort of AITL patients tested for 
tumor mutational burden, the majority of patients (8/10) had a low tumor mutational burden of 
less than 6 mutations/Mb while a minority (2/10) had an intermediate burden (6-19 
mutations/Mb) (287). Nonetheless, whether a comparatively higher mutational burden in AITL 
patients correlates with poorer patient outcomes or response to therapy has not been investigated.  
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In general, T cell-mediated immune surveillance in AITL is under-studied, likely because 
it is challenging to differentiate between T cell-derived neoplastic cells and tumor-infiltrating T 
cells using surface markers alone. Additionally, because AITL tumor cells can share expression 
of molecules such as PD-1 with exhausted TILs, understanding the impact of checkpoint 
inhibitors such as anti-PD-1 on both counterparts is vital. This has been exemplified through a 
phase II clinical trial testing the efficacy of nivolumab, an anti-PD-1 antibody in 
relapsed/refractory PTCLs, which included AITL patients (288). In this context, and also in 
another clinical trial for adult T-cell leukemia-lymphoma patients, anti-PD-1 therapy lead to 
adverse effects as well as disease hyperprogression in many patients (288, 289), presumably due 
to the inhibitory role PD-1 has not only in tumor-infiltrating T cells but also on neoplastic tumor 
cells of T cell origin. As a result of the large proportion of patients that developed 
hyperprogressive disease, the clinical trial was stopped and not completed (288). Nonetheless, 
identifying ways to harness specific signaling pathways to boost immune surveillance involving 
other types of immune cell subsets such as NK cells or macrophages is also a less studied avenue 
in AITL, and yet has great potential as effective therapies to improve AITL disease outcomes.  
1.3.1.2 Natural killer cells 
Natural killer (NK) cells are a heterogenous group of cytotoxic innate lymphoid cells 
(ILC) also involved in tumor immune surveillance (290-292). Recently, other ILC subsets have 
been implicated in tumor immunity, but their contribution to tumor progression as antitumor or 
protumor cells is still unclear and is cancer-type dependent (293). Having the appropriate balance 
between activating and inhibitory receptors on the surface of NK cells is important to properly 
mount a successful antitumor response (292).  NK cells mediate their cytotoxic activity through 
the perforin/granzyme pathway, and also assist in immune surveillance by secreting large 
amounts of antitumor cytokines such as IFN- (292). In general, under physiological conditions, 
cells express MHCI, as a marker of self and in addition, do not express ligands that would 
engage activating NK receptors (292). In contrast, tumor cells expressing lower levels of MHCI 
and elevated levels of activating NK ligands are more susceptible to NK cell-mediated tumor 
surveillance (290-292).  However, many cancers evade NK cell recognition by shedding these 
ligands (294). There is not much studied regarding NK cells in the context of T cell lymphomas, 
including AITL, however, transgenic T cell receptor-expressing mice with NK cell depletion are 
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reported to have an increased rate of lymphoma development, suggesting that NK cells may play 
a role in the immune surveillance of T cell lymphomas (295).  
1.3.1.3 Macrophages 
Macrophages are a diverse population of phagocytes that are important for engulfment of 
cell debris, foreign pathogens, and dying cells (296-298). Importantly, macrophages also 
recognize and eliminate tumor cells and thus are critical mediators of immune surveillance (299, 
300). However, in many cases, tumor cells successfully escape this process, selecting for tumor 
cell variants that have evasive properties which favour tumor growth (300).  Depending on the 
type of stimulating signals received, macrophages can polarize into several different subsets 
(298, 301).  The two subsets  most differently polarized and commonly described are classically 
activated (M1) and alternatively activated (M2) macrophages (298, 301, 302). However, due to 
macrophage plasticity, different environmental stimuli allows activated macrophages to 
continually change functional characteristics (298). On the one hand, M1 macrophages are an 
important defense against invading pathogens and tumor growth (303, 304). M1 macrophages 
are produced in response to IFN-γ and microbial triggers and mediate their activity by secreting 
proinflammatory cytokines such as IL-6, IL-12 and TNF-α (298, 299, 301, 302). M2 
macrophages, in contrast, produce anti-inflammatory cytokines such as IL-10 and TGF-β and are 
involved in numerous processes including tissue repair, angiogenesis as well as parasite 
clearance (298, 299, 301, 302). Nonetheless, even amongst the M2 classification, four different 
subsets of M2 macrophages have been described (M2a-M2d), which respond to different stimuli, 
secrete different effector molecules and have diverse functions (302, 303, 305).  
Tumor-associated macrophages (TAM) support tumor growth in numerous ways by 
enhancing cancer survival, proliferation, invasiveness and angiogenesis (302, 306). The 
phenotype of TAMs is shaped by the tumor microenvironment, however, they are more 
commonly associated with M2-like characteristics (299, 302, 304). TAMs are not only 
inefficient at phagocytosing tumor cells but also express inhibitory receptors, ligands and 
cytokines to suppress the antitumor response (297, 299, 302, 307). Importantly, TAM 
reprogramming from an M2-like phenotype into M1-like macrophages has been reported to 
boost antitumor responses (303, 304, 307). In human AITL, TAM reprogramming may also be a 
useful therapeutic approach, as it has been reported that patients with an increased ratio of 
M2:M1 macrophages have poorer disease prognosis and survival (78, 81). However, clinical 
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examination of M1 or M2 macrophages is done using immunohistochemical staining of CD68 
(M1) and CD163 (M2) and therefore, may not fully reflect their functionality (78, 81). 
 Tissue-resident macrophages can also have varying functions based on their anatomical 
location (301). For instance, lymph nodes have three unique subsets: subcapsular sinus, 
medullary sinus and medullary cord macrophages, which capture and present antigens to support 
humoral immune responses (301, 308). Furthermore, tingible body macrophages (TBM) are also 
regulators of the GC reaction, and are involved in the clearance of apoptotic GC B cells that arise 
as a result of negative selection, although whether they phagocytose Tfh cells under 
physiological conditions is unclear (309). Moreover, the unique cytokine milieu that is associated 
with GCs as well as the AITL tumor microenvironment makes it challenging to predict the 
dynamic roles macrophages may play during tumor initiation, maintenance and spreading. For 
instance, while GC cytokine IL-4 is strongly associated with the M2 phenotype, IL-21 in 
different experimental conditions appears to be able to polarize macrophages towards both M1 
and M2 phenotypes (303, 310, 311).  Additionally, VEGF-A is overexpressed in human AITL by 
both lymphoma and endothelial cells, which contributes not only to the unique angiogenic 
features associated with AITL, but may also serve as a monocyte chemoattractant into lymph 
node tumors (27, 28, 312). Although the understanding of macrophage biology in AITL is rather 
superficial, phagocytic macrophages are by default, localized within lymph nodes (308, 313). In 
addition to this, while AITL tumor cells are commonly reported in patients’ blood, the rate of 
tumor spreading to distal lymph nodes can vary, raising an intriguing possibility that differing 
macrophage activities between patients may control the rate of AITL disease progression (4, 10, 
91, 265).  
 
1.3.2 Mechanisms of macrophage-mediated phagocytosis 
The process of macrophage-mediated phagocytosis is regulated through the expression of 
both activating and inhibitory receptors, allowing appropriate phagocytic responses against 
tumor cells, aged cells, dying cells or foreign pathogens while preventing the engulfment of 
healthy cells (296, 314). Examples of activating or prophagocytic receptors include SLAMF7, 
integrin macrophage antigen-1 (Mac-1; CD11b), Fc receptors and phosphatidylserine receptors 
(296, 315). Moreover, triggering an inhibitory signaling pathway in macrophages via signal 
regulatory protein α (SIRPα) engagement with CD47 prevents phagocytosis of target cells, 
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which is useful under homeostatic conditions to prevent removal of healthy cells (296, 300, 316). 
However, in many types of cancer including acute myeloid leukemia (AML) and B cell 
lymphomas, tumor cells are reported to evade phagocytosis by increasing levels of CD47, which 
is also associated with worsened disease outcomes (317, 318). 
Importantly, in non-Hodgkin lymphoma, inhibiting CD47 signaling along with anti-
CD20 (rituximab) treatment greatly enhanced macrophage-mediated engulfment of tumor cells 
and lead to objective clinical responses in 50% of patients (318-320). In human AITL samples, 
both CD47 and SLAMF7 are expressed, however, there appears to be no correlation between 
higher CD47 levels and disease outlook (321-323). Nevertheless, using AITL patient-derived 
xenograft (PDX) models, it has been reported that AITL tumor cells are more efficiently 
phagocytosed when CD47 signaling is blocked in vitro, strongly suggesting that this may be a 
beneficial avenue for AITL disease treatment (323). The enhanced phagocytosis of 
hematopoietic-derived tumors after CD47 blockade is reported to be dependent on the presence 
of prophagocytic SLAMF7 and Mac-1 signaling (241). Thus, the following sections will describe 
in more detail (1) inhibitory CD47-SIRPα and (2) prophagocytic SLAMF7 signaling pathways.  
1.3.2.1 Inhibitory CD47-SIRP signaling  
CD47 is considered to be an inhibitory “don’t eat me” membrane protein that is 
ubiquitously expressed on both non-immune and immune cells (296, 300, 316). CD47 contains 
five transmembrane regions along with a single Ig-like domain and can interact not only with 
SIRP but also thrombospondin-1 (TSP-1) and certain integrins (300, 316). In contrast, 
expression of SIRP is restricted to immune cells such as monocytes, macrophages, neutrophils 
and dendritic cells (296, 300, 316). SIRP has three Ig-like domains as well as a cytoplasmic tail 
that contains immunoreceptor tyrosine inhibitory motifs (ITIM) whose phosphorylation is 
important to propagate inhibitory functions (300, 316). SIRP binding to CD47 prevents target 
cell phagocytosis by initiating ITIM phosphorylation, which in turn leads to SHP-1/2 
phosphatase recruitment, followed by the inhibition of myosin IIA accumulation (296, 300, 324).  
Physiologically, decreases in CD47 levels are important to promote the removal of aging red 
blood cells whereas increased CD47 expression on CD4+ T cell effector cells can promote the 
survival of long-lived CD4+ memory T cells (316, 325, 326). 
CD47 signaling blockade, by targeting either CD47 or SIRPα has been reported to 
enhance phagocytosis of target tumor cells (241, 296, 300, 327).  However, blocking CD47 
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signaling does not only increase the phagocytic efficiency of both M1 and M2 macrophages but 
can also promote macrophage polarization into an antitumor M1-like phenotype (328).  
Furthermore, mere removal of inhibitory CD47 signaling is not always adequate to promote 
target cell engulfment, which has been demonstrated in T cell leukemia or colon cancer cell lines 
(241, 296). On this note, if target tumor cells downregulate positive prophagocytic receptors or 
express additional antiphagocytic signals, inhibition of CD47 signaling alone can be insufficient 
to drive tumor cell engulfment (296). To further add to this, it has also been reported that during 
apoptosis, total CD47 levels do not necessarily increase, but rather, CD47 clustering patterns 
become more dispersed along the cell membrane, which decreases SIRP engagement and 
promotes macrophage-mediated phagocytosis (329). Therefore, it may also be informative in 
different cancers, including AITL, to investigate CD47 distribution patterns on tumor cells to see 
whether this may also correlate with patient survival outcomes. 
Beyond initiating an inhibitory antiphagocytic pathway in macrophages, it is also 
plausible that CD47 could be involved in signaling mechanisms that may serve to support tumor 
cells. In T cells, it has been shown that CD47 can engage in cis interactions with β2 integrins 
such as LFA-1 or very late antigen-4 (VLA-4) and can also support their high affinity 
conformation in Th1 cells (330). Furthermore, in a model of experimental autoimmune 
encephalomyelitis (EAE), it was reported that Cd47-/- CD4+ T cells had impaired proliferation 
and survival also due to reduced LFA-1 activation (331).  As outlined in section 1.2.6, high 
affinity LFA-1 is important for Tfh cell identity by supporting Bcl6 induction as well as GC 
survival (118). In line with this, Cd47-/- mice were observed to have reduced frequencies of Tfh 
cells in the spleen and lymph nodes at both steady-state and after protein immunization, 
indicating that CD47 may also play a role in supporting Tfh cell formation (332).  
1.3.2.2 Prophagocytic SLAMF7 interactions 
SLAMF7 is expressed on immune cell subsets such as activated T cells, B cells, NK cells, 
dendritic cells and macrophages (239, 333). Unlike other SLAM family receptors, it does not 
associate with the adaptor protein SAP, but another member of the adaptor protein family, EAT-
2 (239). EAT-2 is expressed in NK cells, macrophages and dendritic cells but is not reported to 
be found in T or B cells (334). SLAMF7 has been identified as a critical prophagocytic signal in 
macrophage-mediated phagocytosis of hematopoietic-derived tumors (241). Importantly, this 
increased phagocytosis during CD47 signaling blockade is also reliant on SLAMF7 interactions 
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with integrin Mac-1 (241). In this case, SLAMF7 promotes phagocytosis by regulating actin 
polarization which occurs independently of its association with EAT-2 (241). In NK cells, 
SLAMF7 is critical for enhancing NK cell activation and cytotoxicity in an EAT-2 dependent 
manner (333). In CD4+ T cells, levels of SLAMF7 are shown to increase during activation, and 
may be involved in an inhibitory feedback loop during antigen-induced T cell proliferation (333). 
This is because CD4+ T cells are naturally deficient in EAT-2, and SLAMF7 engagement in the 
absence of SAP family adaptor proteins promotes the inhibitory nature of SLAMF7 (333). 
Nonetheless, with regards to GC dynamics, GC B cell formation or Tfh cell generation, whether 
SLAMF7 is a vital signaling molecule has not been reported.  
1.4 AITL mouse models 
Numerous mouse models have been developed to increase not only our understanding of 
AITL disease pathogenesis but to also identify novel signaling pathways that may be modified in 
order to improve AITL patient outcomes. The following section will detail these different AITL 
mouse models with emphasis on relevance to AITL pathogenesis, features and experimental 
utility. A summary table is also presented at the end of the section to compile these elements 
(Table 1.3).  
 
1.4.1 Patient-derived xenograft (PDX) 
Patient-derived xenografts (PDX), where human tumors are transplanted into 
immunosuppressed murine hosts, are a useful translational tool to bridge the gap between 
fundamental science and clinical application. In AITL, there are several groups that have 
developed PDX models to gain insight into the tumor cell population (32, 94, 323, 335-337). 
Transplanting human AITL tumor cells into immunocompromised mice demonstrate successful 
tumor cell engraftment into the spleen, bone marrow and blood (32, 335, 337). In addition, 
histological and immunological features as well as T cell clonality from AITL tumor donors 
were recapitulated in mouse PDX samples (32, 337). Moreover, in one AITL-PDX model, mice 
also produced human class-switched antibodies, suggesting that the helper function of tumor 
Tfh-like cells remained intact (32). In this study, serial transplantation of splenocytes from a 
primary AITL-PDX mouse demonstrated that over time, there was an enrichment of a CD4+ Tfh-
like cell population with high levels of Bcl6, but a decrease in the frequency of B cells (32). In 
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contrast, a similar serial transplantation experiment using a different primary patient sample 
demonstrated an accumulation of both T and B cells (337). AITL tumor cells from this patient 
had mutations in TET2, RHOAG17V as well as other genes (337). While it was not reported 
whether TET2 mutations were also identified in these expanded B cell populations (337), in a 
separate study, approximately 67% of AITL patients were observed to have TET2 mutations in B 
cells as well (42). Consequently, one interpretation for the expansion of T and B cells after serial 
transplantation of this particular primary tumor could be that a proliferative advantage is 
conferred to both T and B cell populations as a result of these TET2 mutations (42, 68, 337). 
Another possibility is that since T cells with TET2 mutations are more likely to acquire features 
of Tfh-like cells (50), such as the ability to support T-B interactions, they may also be more 
efficient at supporting B cell survival and/or proliferation.  
Recent work has been centered around using AITL-PDX models to test the efficacy of 
duvelisib, a PI3Kδ/γ inhibitor and elotuzumab, a stimulator of SLAMF7 signaling (94, 336, 337). 
The use of duvelisib in AITL-PDX mice demonstrated alterations in TAM polarization in vivo 
where there was a significant increase in the proportion of M1-like macrophages in the spleen of 
duvelisib-treated mice (94). Nevertheless, due to the short-term nature of this experimental set 
up, whether duvelisib treatment lessened AITL disease symptoms in these PDX models was not 
investigated (94). In addition to this, two different groups have studied the efficacy of 
elotuzumab in AITL-PDX models in combination with 5-azacytidine or rituximab, and their 
work demonstrates that the combinatorial use extended survival times for these AITL-engrafted 
mice (336, 337). In future studies, it would be useful to comprehensively test whether AITL 
tumors with combined mutations in RHOAG17V and TET2 or activating mutations in T cell 
signaling genes manifest differently in PDX models and/or respond differently to therapeutic 
treatments. 
One of the main strengths of PDX models is the ability to test the efficacy of different 
drugs within an in vivo system as compared to in vitro cell cultures while still maintaining the 
original histologic and genomic characteristics of the patient (338). However, recipient mice 
often come from an immunocompromised background, such as NOD/scid /IL2Rγnull  (NSG) or 
NOG mice. NOG mice are similar to NSG mice in that they share a NOD background and the 
scid mutation, but express a truncated IL-2Rγ with no signaling capacity instead of a completely 
null protein as is found in NSG mice (339). Thus, since both NSG and NOG mice lack a 
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functional immune system, they may not be ideal for the transplantation of lymphoma cells 
(340). It has been reported that mice without the common γ chain (Il2rg), which both NSG and 
NOG mice also lack, have defective development of peripheral lymph nodes (340, 341). This has 
been attributed to reduced lymphoid tissue inducer cells, which relies on the IL-7 receptor 
(composed of IL-7Rα and the common γ chain) (340, 341).  To further support this, lymph nodes 
could not be easily observed using magnetic resonance imaging or upon dissection from NOG 
mice (342). Additionally, histological analysis of underdeveloped submandibular or mesenteric 
lymph nodes from NSG or NOG mice revealed hypocellularity and lack of clearly defined 
medullar and cortical regions (339). Thus, one limitation is that these mice may lack the proper 
lymphoid microenvironment to support lymphomagenesis. As such, AITL tumor cells are 
typically identified in the peripheral blood, spleen or bone marrow of PDX mice (32, 335, 337), 
but are not described in the lymph nodes of engrafted mice. Consequently, a successful 
pharmacological response in AITL-PDX mice is not measured by the physical regression of 
lymph node tumors but rather extended survival rates for engrafted mice treated with certain 
drugs (336, 337). 
Another factor to consider is that since most PDX recipient mice are from the NOD 
background, they inherit a polymorphism in SIRPα (343, 344). This is reported to enhance 
binding between human CD47 and mouse SIRPα, thus amplifying an inhibitory “don’t eat me” 
signal which prevents macrophages from effectively removing newly engrafted human tumor 
cells (343, 344). However, rejection of human red blood cells in NSG mice is observed to be 
dependent on macrophage-mediated phagocytosis, suggesting that macrophages in NSG mice are 
capable of target cell engulfment (345). Thus, it is possible that macrophages in NSG mice may 
preferentially phagocytose a certain subset of AITL tumor cells, such as cells with higher 
expression of prophagocytic SLAMF7.  As a consequence of this, following several serial 
passages between NSG mice, the original heterogeneity of the primary AITL tumor may be lost 
(338). Instead, in its place, only tumor cells capable of surviving this immune pressure may 
remain and additionally, engrafted tumors may become less representative of what occurs in 
human AITL.  
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1.4.2 Tet2 mutation 
Although mutations in TET2 are commonly found in AITL patients (54, 55), they are also 
observed in myeloid and B cell malignancies (55, 346-348). Moreover, since loss-of-function 
TET2 mutations also occur in T, B and myeloid cells, this may explain the presence of co-
existing myeloid neoplasms and B cell lymphomas that can develop in a proportion of AITL 
patients (4, 42, 349). In line with this, approximately 92% of Tet2-/- mice develop myeloid 
malignancies (346, 348, 350), however, after a longer time period, a smaller proportion can also 
develop B cell (~3%) or T cell (~4%) malignancies (55, 58, 268, 350). Hematopoietic stem cells 
from TET2-deficient mice have increased self-renewal, proliferative abilities and are also 
associated with genomic hypermutability (346, 348, 350, 351). Tfh-like lymphomas were 
reported in >60 week old mice with TET2 deficiency, reminiscent to PTCLs with a Tfh cell 
phenotype (55). Tet2-/- mice do not fully recapitulate AITL disease as they lack the 
hypergammaglobulinemia, FDC meshwork expansion and increased vascularization typically 
associated with AITL (55). These mice experience splenomegaly as well as multiple swollen 
lymph nodes and have an expansion of CD4+PD-1+CXCR5+ Tfh-like cells (55). These tumor 
cells also express high levels of genes associated with Tfh cell biology, such as Bcl6, Icos, Pdcd1 
and Cxcr5 (55). Moreover, these mice have increased methylation of a Bcl6 intronic silencer 
region, which correlates with higher Bcl6 mRNA levels and as such, is possibly one way loss of 
TET2 function promotes the Tfh cell program (55). This is also supported by the observation 
made in tumors from human PTCL patients, where harbouring TET2 mutations was highly 
associated with Tfh-like features (50).  
 
1.4.3 Combined RhoaG17V and Tet2 mutations 
Different mouse models investigating the impact of RhoaG17V and Tet2 mutations in the 
development of AITL generally demonstrate that they are synergistic in the acquisition of an 
AITL-like phenotype. At around 10 weeks of age, transgenic mice expressing RHOA-G17V 
under the control of CD4 cell regulatory elements develop severe autoimmunity, have an 
expansion of Tfh cells but do not develop AITL-like disease (46). However, if RHOA-G17V 
mutant mice also have TET2 deficiency, this manifests into AITL-like disease exemplified by 
characteristics such as Tfh cell expansion, splenomegaly, lymphadenopathy and increased 
vascularization (46). NSG mice transplanted with these AITL-like tumor cells and treated with 
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mammalian target of rapamycin complex 1 (mTORC1) inhibitor everolimus also showed 
improved overall survival rates, highlighting the potentially clinically relevant outcome of 
modulating this signaling pathway (46). Another group used a similar AITL-like mouse model 
with loss of TET2 and expression of RHOA-G17V to demonstrate that use of dasatinib could 
improve survival of nude mice transplanted with AITL-like lymphomas by dampening TCR 
signaling via VAV1 and PLCγ1 phosphorylation (92). Importantly, treatment of dasatinib in a 
small cohort of relapsed or refractory AITL patients also showed partial response in most 
patients (92). 
Overexpression of RHOA-G17V in TET2-deficient CD4+ T cells then transferred into 
Tcrα-/- mice led to the development of enlarged lymph nodes, lymphocyte infiltration, weight 
loss as well as increased Tfh and GC B cell populations (47). However, AITL-like disease was 
not observed in these mice, which may be due to their shorter survival time, approximately 21 
weeks (47). In a different approach, using mice with tamoxifen-inducible and CD4-specific 
expression of RhoaG17V  led to increased CD4+ T cell proliferation and Tfh cell generation 
without developing AITL-like disease (45). This is an improved genetic approach as compared to 
mice which produce RHOA-G17V as soon as CD4 is expressed, as firstly, this is reported to 
impact early T cell development in the thymus and spleen in younger mice (46). Secondly, this 
does not accurately reflect what happens in human AITL, where RHOAG17V is a secondary driver 
mutation acquired in mature T cells (9). Moreover, wildtype hosts that received Tet2-/- bone 
marrow cells infected with mutant RhoaG17V developed AITL-like lymphomas with 
splenomegaly, swollen lymph nodes (~2mm), monoclonal T cell populations, expanded FDC 
meshworks and increased vascular networks (45). Transplantation of bone marrow cells from 
mice with CD4-specific, tamoxifen-induced expression of RHOA-G17V in combination with 
CD4-specific TET2 loss into lethally irradiated wildtype mice also led to AITL-like disease 
development, with increased Tfh cell frequencies, FDC meshworks and angiogenesis (45). It was 
also reported that induction of RHOA-G17V mutant expression led to increased ICOS levels and 
that furthermore, ICOS-PI3K signaling supported tumor cell proliferation in Tet2-/-; RhoaG17V 
mice (45).   
From these mouse models, the overarching trend is that although expression of mutant 
RHOA-G17V leads to inappropriate Tfh cell expansion, it is indeed the cooperation between 
TET2 deficiency and RHOA-G17V that ultimately leads to AITL-like disease development. 
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Nonetheless, while all mouse models indeed address the impact of combined RHOA and TET2 
mutations, none faithfully reproduce the human scenario, where loss of TET2 activity is an early 
event followed by the acquisition of RHOAG17V in CD4+ T cells (9, 53, 61). Furthermore, another 
limitation of these mouse models is that they represent only a specific subset of AITL patients 
and thus, findings made using these mice may not translate clinically into therapeutic responses 
for AITL patients with different causative genetic mutations.  
 
1.4.4 Combined Tet2 and Dnmt3a mutations 
Initial bone marrow transplantation of Tet2-/- cells expressing reduced activity DNMT3A 
mutant,  DNMT3AR882H (352), led to increased myeloid cell expansion in the blood and bone 
marrow (62). Most of these mice develop disorders reminiscent to AML or T-ALL, although one 
mouse in this cohort was observed to develop AITL-like disease (62). After secondary and 
tertiary engraftment of hematopoietic progenitor cells, there was an increase in the proportion of 
T cells as compared to myeloid or B cell compartments in the blood of recipient mice (62). 
Moreover, approximately 1 year after secondary or tertiary transplantation, a majority of these 
mice developed swollen thymus, spleen and lymph nodes which contained CD4+ T cells 
expressing high levels of Bcl6, Pdcd1, Cxcr5 and Icos, indicative of a Tfh cell phenotype and 
AITL-like disease (62).  Because AITL-like disease development has a long latency after 
secondary or tertiary engraftment, this suggests that the accumulation of additional mutations 
may be necessary for onset of AITL-like symptoms (62).  
 
1.4.5 Swiss Jim Lambert mice  
Swiss Jim Lambert (SJL) mice develop B cell lymphomas which have been reported to 
depend on GC B cell-specific expression of endogenous mouse mammary tumor virus 
superantigen, which in turn stimulates CD4+ T cells to produce critical signaling molecules, 
thereby driving B cell lymphomagenesis (353-356). At 3 months of age, SJL mice have 
increased frequencies of Tfh and GC B cells as well as altered follicular structure in the spleen 
and lymph node but usually develop tumors closer to 1 year of age (353). SJL mice also have 
elevated levels of IgG2b and IL-21 in their sera, supporting a functional role for Tfh cells 
identified in this mouse model (353). Moreover, SJL mice which lack expression of the IL-21 
receptor have largely intact spleen and lymph node structures, lower IgG2b levels, as well as 
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reduced GCs, suggesting the importance of IL-21 in tumor development (353). While SJL mice 
do share certain features with AITL such as an increased Tfh cell compartment, expanded B cell 
populations, hypergammaglobulinemia and elevated IL-21 levels, these mice also lack the FDC 
expansion and vascularization associated with human AITL (353). Furthermore, since 
monoclonal or oligoclonal cell populations for B cells but not T cells were identified in these 
mice (353), a more plausible interpretation is that SJL mice develop B cell lymphomas which not 
only are promoted by intimate Tfh cell interactions but reciprocally produce cytokines and/or 
signaling molecules that support the activity of Tfh cells.  
 
1.4.6 T cell-specific GAPDH overexpression model 
Mice generated to overexpress glyceraldhedye-3-phosphate dehydrogenase (GAPDH) in 
a T cell-specific manner develop AITL-like disease at around 18 months of age (357). These 
mice developed enlarged spleens, livers as well as lymph nodes (357).  The lymph nodes of these 
mice exhibited infiltration of both T and B cells, altered structure and increased vascularization 
(357). Importantly, overexpression of GAPDH in these mice leads to an accumulation of Tfh-
like cells, as well as increased GC B and plasma cells (357). In line with this, these mice also had 
hypergammaglobulinemia and expanded FDC meshworks (357). Specifically, it appears that 
GAPDH overexpression in T cells promotes AITL-like lymphomagenesis by activating the non-
canonical NF-κB pathway via NF-κB-inducing kinase (NIK) and EZH2 (357). Although it has 
been reported that GAPDH mRNA is increased in human AITL tumor lymph nodes (357), it is 
unclear whether in human AITL this plays a causal role or is instead a survival mechanism to 
support neoplastic Tfh cell activity in a hypoxic or stressful environment. 
 
1.4.7 Roquinsan/+ mutation 
1.4.7.1 Functional characteristics of Roquin-1 
The Roquin family of RNA-binding proteins consists of paralogs Roquin-1 and Roquin-2 
(358-360). Roquin-1 and Roquin-2 can be detected in various organs such as the brain, lung and 
spleen but are most highly expressed in the thymus and lymph nodes (361). Roquin proteins 
contain a N-terminal Really Interesting New Gene (RING) zinc-finger domain that is associated 
with E3 ubiquitin ligases, a ROQ domain which is essential for RNA binding, followed by a 
CCCH-type zinc-finger (358, 360). They are mostly located in cytoplasmic stress granules, 
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which are sites where mRNA translation and decay are regulated (182, 362). Roquin proteins 
post-transcriptionally target mRNA species for degradation by recognizing stem-loop structures 
and linear sequences found in the 3’-untranslated region (UTR) of target genes such as Icos, 
Ox40, Il6 and Tnf (361-367). Interactions between Roquin proteins and deadenylating complexes 
such as Ccr4-Caf1-Not or proteins associated with mRNA decapping such as Edc4 facilitate 
mRNA decay (363, 364, 367). Additionally, Roquin-1 has also been reported to interfere with 
expression of Icos and Pten through interactions with certain microRNAs (368, 369). For 
instance, interactions between Roquin-1, miR-146a and Ago2 at the 3’-UTR of Icos leads to its 
degradation (368).   
Antigen-specific TCR activation is shown to cause downstream cleavage of Roquin-1 by 
paracaspase MALT1, likely important for the induction of genes that support T cell activation 
such as ICOS (365). The immunosuppressive cytokine IL-10 is observed to transcriptionally 
promote Roquin-1 expression (370) but generally, not much else has been studied regarding the 
regulation of Roquin proteins. In CD4+ T cells, Roquin-1 is expressed 5-fold more than Roquin-
2, and this trend is also observed in other tissues where Roquins are expressed (361). Roquin-1 
and Roquin-2 have overlapping functions in the negative regulation of Tfh cell generation by 
targeting Icos and Ox40 mRNA for degradation (361, 366).  However, loss of Roquin-1 from 
CD4+ T cells is insufficient to induce Tfh cell differentiation and increase GC B cell numbers 
(361, 371). Moreover, it is only the combined loss of Roquin-1 and Roquin-2 from CD4+ T cells 
which leads to increased Tfh cell generation (361).  It has also been found that Roquin-1 and 
Roquin-2 can induce a Tfh cell gene signature in Treg cells, which further highlights its role in 
promoting Tfh cell features (369).  Importantly, in CD4+ T cells, Roquin-1 also promotes 
FOXO1 localization into the nucleus, which was reported to be related to its ability to inhibit 
PI3K-mTOR signaling and Itch, which is a negative regulator of FOXO1 (369). As increased 
nuclear FOXO1 localization is associated with an inhibition of the Tfh cell phenotype (84), this 
could explain why loss of Roquin-1 and Roquin-2 promotes Tfh cell differentiation (361). 
Roquin-1 deficient pups die within 6 hours of birth with malformed spinal columns and 
impaired lung function (371). This perinatal lethality experienced by Roquin-1-deficient pups 
highlights the developmental importance of Roquin-1 activity (371). Although Roquin-2 
deficiency does not lead to the same neural defects as Roquin-1 loss, Roquin-2-deficient mice 
die quickly after birth and experience impaired lung functionality (361). Loss of the RING 
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domain in Roquin-1 or Roquin-2 prevents its localization into stress granules and as such, leads 
to minimal or no increase in ICOS levels (366). Interestingly, while mice without the Roquin-1 
RING domain experience lethality similar to complete deficiency in the Roquin-1 protein, mice 
without the RING domain of Roquin-2 remain viable, suggesting that this domain in Roquin-1 is 
more essential during certain developmental processes (366). 
1.4.7.2 Sanroque mutation: Autoimmunity  
Mice with a point mutation, M199R, termed “sanroque” introduced into the ROQ domain of 
Roquin-1 were developed using an ethylnitrosourea (ENU) mutagenesis approach, where mice 
were screened for signs of autoimmunity based on autoantibodies titers (182). Roquin-1san/san 
mice, from around 6 weeks of age develop severe autoimmunity, spontaneous GCs, as well as 
enlarged spleens and lymph nodes (182).  Crossing Roquinsan/san mice into backgrounds lacking 
critical Tfh cell signaling proteins such as CD28, ICOS, SAP and Bcl6 highlight the pathogenic 
influence of the sanroque mutation in Tfh cell accumulation and hyperactivity (372-374). It has 
also been reported that excessive IFN-γ receptor signaling in CD4+ T cells from Roquinsan/san 
mice contributes to spontaneous GC development, CD4+ T cell proliferation as well as Bcl6 
expression in early Tfh cell precursors (234). Moreover, Ifng mRNA in  Roquinsan/san  T cells has 
an increased half-life, suggesting that Roquin-1 can also regulate Ifng degradation as another 
mechanism to prevent the pathogenic accumulation of Tfh cells and autoimmunity (234). The 
sanroque mutation leads to only a minor conformational change in the protein structure of 
Roquin-1, which does not inhibit its ability to bind target genes such as Icos or localize to stress 
granules (182, 363, 368, 374). In fact, the sanroque protein can bind to Icos mRNA with 3-times 
higher affinity to that of wildtype Roquin-1 (362) and also stabilizes target mRNA instead of 
promoting decay (374).  
The stark contrast between the overt autoimmunity observed in Roquin-1san/san as compared to 
mice with CD4-specific loss of Roquin-1 has been attributed to the redundant functions of 
Roquin-2 which can compensate when Roquin-1 is lost (366). Because the sanroque variant of 
Roquin-1 still binds to target RNA in stress granules, it can prevent the normal compensatory 
activity of Roquin-2 (366). Nonetheless, the fact that dual loss of Roquin-1 and Roquin-2 from 
CD4+ T cells promotes spontaneous formation of GC Tfh and B cells but not systemic 
autoimmunity as seen in Roquinsan/san mice further suggests that the sanroque mutant may have 
other novel functions or that the sanroque mutation also generates myeloid and/or B cell 
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populations which support autoimmune or inflammatory conditions (361). In support of this, 
Rag1-/-Roquinsan/san  mice which are devoid of T and B cells, were observed to have an increased 
propensity to develop clinical symptoms after induction of rheumatoid arthritic-like disease, 
suggesting a role for Roquin-1 in preventing myeloid cell-driven inflammation (366). 
Furthermore,  Roquin-1 appears to also impact B cell activity, as B cell-specific loss of Roquin-1 
also led to increased spleen cellularity, B cell number and effector-like CD4+ T cell expansion 
(371). In summary, the sanroque mutation in Roquin-1 demonstrates that the prevention of 
Roquin-1-mediated mRNA decay while blocking Roquin-2 compensatory actions promotes the 
development of pathogenic Tfh cells which support spontaneous GC formation and systemic 
autoimmunity. 
1.4.7.3 Sanroque mutation: AITL-like disease  
Heterozygosity of the sanroque mutation (Roquinsan/+) leads to the development of AITL-
like disease at around 4-6 months of age in approximately 50% of mice (270). These mice share 
several features with human AITL including splenomegaly, asymmetric lymphadenopathy (5-
12mm in diameter) and hypergammaglobulinemia (270). AITL-like tumors are reported to have 
nearly 50 to 150 times increased cellularity as compared to normal lymph nodes (270). 
Furthermore, AITL-like tumors share histological features with human AITL, such as destroyed 
lymphoid architecture and expansion of blood vessel networks (270) (Fig. 1.4). Moreover, as 
with the human disease counterpart, AITL-like tumors contain an increased proportion of B cells 
and oligoclonal Tfh cell populations (270). Although Tfh cells from non-tumor lymph nodes also 
demonstrate oligoclonality, whether these are clonally related to tumor Tfh-like cells has not 
been investigated (270). Furthermore, the potential clonal nature of B cells in tumor-bearing 
Roquinsan/+ mice has yet to be studied, but as clonal B cell populations have been identified in 
human AITL patients (2, 11), this may also be the case in this mouse model.  Importantly,  
Roquinsan/+ AITL-like tumors are also derived from Tfh cells (270). This was clearly shown by 
breeding  Roquinsan/+ mice into genetic backgrounds with deficiencies in essential Tfh cell 
molecules such as ICOS, CD28 or SAP (34, 35, 107), which led to a reduction in initiation rates 




Figure 1.4 AITL-like tumors in Roquinsan/+ mice 
(A) Comparison of non-tumor and tumor lymph nodes from the same tumor-bearing mouse. (B) 
Representative H&E sections from a tumor-free mouse and AITL-like tumor showcasing 
differences in lymph node architecture as well as blood vessel expansion. 
 
1.4.7.4 Advantages and disadvantages of Roquinsan/+ model 
The clearly palpable AITL-like lymph node tumors which develop in Roquinsan/+ mice 
share numerous features with human AITL such as hyperactive Tfh cells, immune cell 
infiltration, destroyed lymph node structure, expansion of blood vessel networks, 
hypergammaglobulinemia and hepatosplenomegaly (270). Because AITL-like tumors in 
Roquinsan/+ mice can grow between 5-12mm in diameter, this provides an advantage when trying 
to test the effect of conditional gene deletion or pharmacological intervention on tumor 
regression without needing to rely on other immune organs such as the spleen. In contrast, 
wildtype mice transplanted with hematopoietic stem cells manipulated to have combined Tet2-/-; 
RhoaG17V expression developed lymph nodes around 2mm in diameter (45), which is within the 
range of a regular-sized, murine peripheral lymph node, usually between 1-2mm (375).  This 
makes it difficult to accurately follow the impact of certain pharmacological interventions on 
tumor lymph node regression and thus, instead, the focus is often placed on the spleen (45, 46, 
92). Nevertheless, while there are certainly advantages to using Roquinsan/+ mice, there are also 
some differences between these mice and human AITL. For instance,  Roquinsan/+ tumors do not 
develop expanded FDC meshworks as is characteristic of human AITL (270). Additionally, 
while ROQUIN1 is expressed in human AITL, its protein levels are not dysregulated as 
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compared to healthy controls and further, no mutations in ROQUIN1 have been detected in 
human AITL patients (376).  
However, certain molecular signaling pathways mediated by Roquin-1 have been 
reported to overlap with other AITL-like mouse models as well as human AITL, beyond that of a 
hyperactive Tfh-like tumor cell population. It has been shown that tumor-bearing mice with 
combined Rhoa and Tet2 mutations have elevated levels of  ICOS (45), which is also observed in 
Roquinsan/+ tumors (270). Moreover, ICOS signaling was shown to promote activation of PI3K 
and MAPK signaling pathways in AITL-like tumor cells with Rhoa and Tet2 mutations (45). 
Since Roquin-1 has been implicated in regulating not only ICOS (182, 362, 374) but also 
repressing PI3K-mTOR signaling (369), it is plausible that elevated PI3K signaling in 
Roquinsan/+ mice may also influence AITL-like disease pathogenesis. Furthermore, Roquin-1 has 
also been reported to regulate FOXO1 activation and localization, as loss of Roquin-1 in CD4+ T 
cells led to FOXO1 accumulation in the cytoplasm (369), which likely helps promote Tfh cell 
differentiation (84). This is a shared finding with combined Tet2-deficient and RhoaG17V-
expressing mice (47) and importantly, also with human AITL, as patients with no FOXO1 
protein levels or restricted cytoplasmic FOXO1 expression are associated with poor prognosis 
and aggressive clinical course (83). Finally, approximately half of AITL patients have activating 
mutations in TCR signaling components such as PI3K elements, FYN or CD28 (38, 44, 69-71), 
and as such, tumor-bearing Roquinsan/+ mice may converge with these common hyperactive 
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PDX, patient-derived xenograft; SJL, Swiss Jim Lambert; Tfh, T follicular helper;    , positive; -, 
negative; ND, not described; *, described but data not shown; Ref., References. 
 
Table 1.3 Comparison of different features between AITL-like mouse models 
 
1.5 Rationale 
AITL has an aggressive clinical course with ineffective therapeutic options, exemplified by 
the low 5-year survival rate of ~30%, which unfortunately has not improved for many decades 
(5, 73, 88, 89). Most patients are treated with a type of CHOP chemotherapy, and while the 
initial response is usually positive, most AITL patients experience multiple episodes of disease 
relapse for which currently, there exists no effective pharmacological intervention (5). In fact, 
the median overall survival time after relapse or progression in PTCL or AITL patients that 
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responded to initial treatment is only 6 months (377). As such, there is a need to identify better 
targets to improve AITL treatments, for both initially diagnosed and relapsed/refractory patients.  
 It is clear that AITL tumor cells are derived from the Tfh cell lineage as they share the 
expression of numerous signature Tfh cell proteins such as Bcl6, SAP, ICOS, and PD-1 which 
are also important clinical diagnostic markers (3, 6, 18-21, 23, 30, 265, 378). Nonetheless, it has 
not been studied whether AITL tumor cells express these key Tfh cell molecules simply as a 
reflection of their Tfh cell origin or, if they continuously serve a functional purpose to propagate 
AITL disease. Understanding the importance of these molecules and downstream signaling 
pathways in the context of AITL tumor cells can be pivotal in the search to find new 
pharmacological targets for AITL treatment.   
 Moreover, because of the gross immune dysregulation caused by Tfh-like tumor cells, a 
large proportion of the AITL tumor mass is filled with activated B cells, plasma cells, FDCs and 
macrophages (3, 11, 14, 18). The intimate interaction between Tfh and B cells within the GC is a 
critical part of a successful humoral immune response (34, 35, 107). The B cell expansion in 
tumors and hypergammaglobulinemia experienced by AITL patients would suggest that Tfh-like 
cells in AITL tumors are still able to communicate with B cells, however, whether this T-B 
crosstalk is somehow important for tumor progression has yet to be investigated. 
 Lastly, it is curious that while AITL tumor cells are commonly found in the peripheral 
blood of AITL patients (265), the sequential appearance of tumors in other lymph nodes can 
occur within a wide range of months to years, depending on the patient (4). On the one hand, this 
may reflect a requirement for a tumor-specific lymphoid niche capable of supporting tumor 
spreading, but on the other hand, this could also suggest that in AITL patients, there may be 
antitumor mechanisms that oppose the establishment of tumors in new lymph nodes. Because the 
AITL tumor microenvironment is filled with numerous types of immune cells, there is the 
possibility that one or many subsets may work to delay tumor growth. Since the ratio of M2 
macrophages in AITL has been associated with poor prognosis, this also demonstrates that 
macrophage polarization impacts patient outcomes and suggests that macrophages could be 
involved in AITL disease severity (78, 81). SLAMF7, a prophagocytic molecule is also found 
expressed in a subset of AITL patients (321, 322), and while no correlational studies with patient 
prognosis have been conducted yet, this may be one way to enhance antitumor macrophage-
mediated phagocytic efficiency in a subset of AITL patients. In summary, the relevance of the 
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Tfh cell nature of tumor cells as well as interactions between AITL tumor cells and their 
microenvironment are poorly studied areas which can be vital in understanding the best way to 
approach AITL disease treatment (Fig. 1.5A-B). 
 
Figure 1.5 Summary of key immune mechanisms explored in Aims 1 and 2 
(A) Although the Tfh cell origin of AITL tumor cells is well-established, whether Tfh-like tumor 
cells continue to rely on signature Tfh cell proteins during disease progression has yet to be 
determined. In Aim 1, we address the potential role of Tfh cell master regulator transcription 
factor Bcl6 in AITL-like disease. Additionally, since an important function of Tfh cells is to 
form stable conjugates with B cells in GCs, this thesis will also address whether certain 
molecules involved in T-B crosstalk such as ICOS, SAP and LFA-1 may also be involved in 
supporting AITL-like disease maintenance. (B) In Aim 2, this thesis will explore whether there is 
evidence of altered macrophage-mediated immune surveillance mechanisms in AITL-like 
tumors, specifically within the context of prophagocytic molecule SLAMF7 versus the CD47-
SIRPα “don’t eat me” inhibitory signaling axis.  
 
1.6 Hypothesis 
My main hypothesis is that by impairing critical Tfh cell signature signaling pathways and/or 
by boosting immunosurveillance in AITL, this will favour tumor regression and prevent tumor 
cell dissemination. Because the process of Tfh cell generation involves several stages where Tfh 
cells both respond and produce various stimulatory signals that promote its own differentiation 
and proliferation (35, 107), I hypothesize that Tfh-like AITL tumor cells rely and/or amplify 
these positive signaling pathways to support their hyperactivity in tumor lymph nodes. Thus, by 
inhibiting critical Tfh cell signaling pathways such as transcription factor Bcl6 or SAP, an 
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adaptor protein that supports T-B crosstalk, I theorize that AITL tumors will not be able to 
successfully maintain themselves and will consequently, regress.  
Furthermore, by promoting immune surveillance mechanisms in AITL, I also hypothesize 
that this can prevent tumor progression and spreading. The AITL microenvironment contains 
numerous types of immune cells including NK cells and macrophages (3), as well as others 
which are well-established to be critical in antitumor responses. The ability of macrophages to 
engulf tumor cells relies on the expression of prophagocytic signals such as SLAMF7, however, 
tumor cells oppose this by upregulating molecules that engage inhibitory antiphagocytic 
pathways in macrophages, such as the CD47-SIRPα pathway (241, 296, 300). As has been 
demonstrated with other types of hematopoietic cancers (241), I believe that inhibition of this 
negative CD47-SIRPα pathway will boost macrophage-mediated phagocytosis against AITL 
tumor cells. Thus, to summarize, I hypothesize that blocking critical Tfh cell signaling proteins 
in AITL tumors and/or promoting the ability of macrophages to engulf AITL tumor cells will 
ultimately prevent AITL disease progression and spreading. 
 
1.7 Aims and Objectives 
 
1.7.1 Aim 1 
The focus of Aim 1 is to study the role of key Tfh cell molecules Bcl6 and SAP on AITL 
tumor growth. This will be done through the following objectives. 
1.  Investigate whether critical Tfh cell signaling proteins Bcl6 or SAP are continuously 
required for AITL-like disease maintenance. 
2.  Identify signaling molecules downstream of Bcl6 or SAP signaling pathways that support 
AITL-like tumor growth. 




1.7.2 Aim 2 
Through Aim 2, the goal is to explore the role of macrophage-mediated immune surveillance 
in AITL and will be approached through the following objectives. 
 51
1. Profile expression levels of SLAMF7, CD47 and SIRPα on appropriate immune cell 
populations such as T cells, B cells and macrophages in Roquinsan/+ mice. 
2. Test whether in vitro phagocytosis efficiency of AITL-like tumor cells is improved after 
inhibition of CD47 signaling. 
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Angioimmunoblastic T cell lymphoma (AITL) is an aggressive peripheral T cell 
lymphoma driven by a pool of neoplastic cells originating from T follicular helper (Tfh) cells 
and concomitant expansion of B cells. Conventional chemotherapies for AITL have shown 
limited efficacy, and as such, there is a need for improved therapeutic options. Since AITL 
originates from Tfh cells, we hypothesized that AITL tumors continue to rely on essential Tfh 
cell components and intimate T cell-B cell (T-B) interactions. Using a spontaneous AITL mouse 
model (Roquinsan/+), we found that acute loss of Bcl6 activity in growing tumors drastically 
reduced tumor size, demonstrating that AITL-like tumors critically depend on Tfh cell lineage-
defining transcription factor Bcl6. Since Bcl6 can upregulate expression of signaling 
lymphocytic activation molecule (SLAM)-associated protein (SAP), which is known to promote 
T-B conjugation, we next targeted the SAP-encoding Sh2d1a gene. We observed that Sh2d1a 
deletion from CD4+ T cells in fully developed tumors also led to tumor regression. Further, we 
provide evidence that tumor progression depends on T-B crosstalk facilitated by SAP and high 
affinity LFA-1. Our study shows that AITL-like tumors heavily rely on molecular pathways that 
support Tfh cell identity and T-B collaboration, revealing potential therapeutic targets for AITL. 
 
2.2 Introduction 
AITL is an aggressive non-Hodgkin lymphoma representing 15-20% of peripheral T cell 
lymphomas (PTCL) (1).  Patients suffer from generalized lymphadenopathy, 
hypergammaglobulinemia, and autoimmune hemolytic anemia with poor prognosis (5-year 
survival rate ~33%) (6, 73).  Typically, tumors display oligoclonal expansion of T cells and an 
effacement of lymph node architecture with prominent arborization of endothelial venules (1, 4, 
379).  Gene expression profiling, immunohistochemical studies, and xenograft experiments 
established that neoplastic cells in AITL are derived from CD4+ Tfh cells (10, 21, 30, 32).  
However, the actual tumor Tfh cell content in the AITL tumor mass is kept low throughout 
disease progression with concomitant expansion of bystander B cells and other reactive immune 
cells (4, 30, 36).  Currently, chemotherapy is the most common treatment for AITL, but its 
limited efficacy demands more effective therapeutic options (73). 
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The etiology of AITL has not been fully elucidated, however, genome sequencing of 
AITL tumor samples have uncovered heterogeneous somatic mutations with a few recurrent 
genes.  Most frequently mutated genes include epigenetic modifiers (IDH2, TET2, DNMT3A), 
genes encoding the small GTPase RHOA, and components of T cell receptor/costimulatory 
signaling including the Src-related protein tyrosine kinase Fyn (36-38, 44).  Importantly, 
activating mutations in T cell signaling components were found in ~50% of AITL patients, 
suggesting that hyperactivation of T cells during germinal center (GC) reactions may play an 
important role in the malignant transformation of Tfh cells and tumor growth (38, 44). 
Tfh cells are a subset of CD4+ T cells whose differentiation is driven by the transcription 
factor Bcl6 (34, 35).  Excessive Tfh cell activity can lead to pathologies such as autoimmunity, 
as well as Tfh cell-driven lymphomas (35, 270). Directly or indirectly, Bcl6 suppresses other 
lineage-committing transcription factors and promotes the expression of signature Tfh cell genes 
such as those encoding CXCR5, PD-1, and SAP, as well as key cytokines such as IL-21 (198, 
199, 237).  Tfh cells have a unique ability to migrate into B cell follicles, forming transient yet 
stable T-B conjugates during germinal center reactions.  These processes are supported by 
signaling lymphocytic activation molecule (SLAM) family receptors and their adaptor protein 
SLAM-associated protein (SAP) (119, 120, 124, 244, 246) as well as LFA-1 (118).  After 
repeated interaction with T cells, GC B cells that have received sufficient T cell help and B cell 
receptor (BCR) signaling downregulate Bcl6 and upregulate IRF4 to differentiate into antibody-
secreting plasma cells (125, 380).   
Mice possessing one copy of the sanroque allele of Roquin (Roquinsan), a dominant 
negative point mutation, spontaneously develop AITL-like disease (270).  The sanroque 
mutation increases the stability of an array of mRNA species, such as those coding for ICOS, 
OX40, and IFN-γ in CD4 T cells due to the disruption of Roquin-mediated mRNA degradation 
machinery (359).  Mice homozygous for this sanroque mutation (Roquinsan/san) have hyperactive 
Tfh cells, spontaneous GC reactions, and develop lupus-like autoimmune disease combined with 
AITL-like disease within 4-months of age (182). Heterozygous Roquinsan/+ mice do not develop 
lupus-like disease but still have hyperactive GC reactions and present with AITL-like disease 
(~50% incidence rates at 6-months of age) (270). Although ROQUIN1 gene mutations have not 
been discovered in AITL patients (376), hyperactivation of T cells and Tfh cells are shared 
features of tumors arising in Roquinsan/+ mice and AITL patients. 
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In this study, we found that the AITL-like tumors in Roquinsan/+ mice accumulate B cells 
with features of early-stage plasma cells. This B cell expansion coincided with highly 
proliferative CD4+CXCR5+PD-1+ Tfh-like cells equipped with Bcl6, SAP, and high affinity 
LFA-1.  Importantly, acute abrogation of Bcl6 or SAP function or inhibition of high affinity 
LFA-1 led to partial or full tumor regression. Taken together, these data suggest that AITL-like 
tumors in Roquinsan/+ mice are driven by Tfh-like CD4+ cells that continuously interact with B 
cells in a manner resembling germinal center T-B interactions.   
 
2.3 Materials and Methods 
 
2.3.1 Mice 
Mice with the Roquinsan allele (182, 270) were provided by Dr. C. Vinuesa (Australia 
National University, Australia) and bred with other lines of mice to make composite mouse lines.   
UBC-CreERT2 (Jax 008085) (381) and CD4-CreERT2 mice (382) were used for tamoxifen-
inducible ubiquitous or CD4+ cell-specific knockout models.  Bcl6 conditional knockout mice 
were provided by Dr. T. Takemori (RIKEN, Japan) (217). SAP conditional knockout (Sh2d1af) 
(128) and SAPR78A mice (Sh2d1aR78A) (383) were previously described. All mice have been 
backcrossed into the C57BL/6J background for more than 10 generations before generating 
composite lines. Mice were maintained in the animal facility at the Institut de recherches 
cliniques de Montréal (IRCM) in a specific pathogen-free environment and all experiments were 
performed in compliance with animal use protocols approved by the IRCM Animal Care 
Committee.  
 
2.3.2 Antibodies and chemicals 
All antibodies, streptavidin-conjugates and reagents used for flow cytometry were from 
ThermoFisher unless otherwise stated: B220 (RA3-6B2), Bcl6 (K112-91, BD Biosciences), CD4 
(GK1.5), CD16/CD32 (2.4G2, BioXCell), CD95 (BD Biosciences), CD138 (281-2, Biolegend or 
BD Biosciences), CXCR5 (SPRCL5), GL7, ICAM-1 (YN1/1.7.4), IRF4 (3E4), Ki-67 (SolA15), 
PD-1 (J43, BD Biosciences), SAP (1A9, BD Biosciences or produced by André Veillette 
laboratory), streptavidin-APC, and streptavidin-PE-Cy. Dead cells were stained with 7-AAD 
(BD Biosciences) or fixable viability dye (ThermoFisher). Fixation/permeabilization kits (BD 
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Biosciences or ThermoFisher) were used to perform intracellular stainings. Tamoxifen was 
purchased from Millipore Sigma; isoflurane from CDMV; Lovastatin from Selleck Chem. Anti-
LFA1 (CD11a) (M17/A) was purchased from BioXCell.  
 
2.3.3 Flow cytometry 
Single cell suspensions of tumors or pooled non-tumor or pooled tumor-free lymph nodes 
(cervical, axillary, brachial, and inguinal) were prepared from age-matched mice (6-13 months of 
age) by mechanical dissociation using a 70M nylon mesh filter (BD Biosciences), in PBS or 
staining buffer (PBS with 1% bovine serum albumin (BSA) (Wisent)). Cells were first blocked 
with anti-CD16/CD32 and then stained with primary antibodies followed by streptavidin-
conjugates. For intracellular stains, cells were fixed and permeabilized with Cytofix/Cytoperm 
solution or Fix/Perm Buffer, according to manufacturer’s instructions. Samples were acquired 
using LSR Fortessa (BD Biosciences) and analyzed on Flowjo Version 10 (Treestar).   
 
2.3.4 ICAM-1 binding assay 
Single cell suspensions (1 x 107 cells per ml) were resuspended in RPMI (Gibco) 
supplemented with 0.1% BSA, 1mM EGTA (Sigma) and 5mM Mg2+ (Sigma). Cells were 
incubated with 5-10g/ml of murine recombinant ICAM-1 Fc Chimera Protein (R&D Systems, 
Inc). To test the effect of Lovastatin on high affinity LFA-1, 100M of Lovastatin was added 




To analyze steady-state titers of IgG1 and IgG2c, MaxiSorp 96-well plates 
(ThermoFisher) were coated with goat anti-mouse Ig (Southern Biotech). Pre-diluted sera were 
added in duplicates (1:25 000 for IgG1 or 1:100 000 for IgG2c) and bound immunoglobulins 
were detected using alkaline phosphatase-conjugated goat anti-mouse IgG1 or IgG2c (Southern 
Biotech). After incubation with pNPP substrate (Southern Biotech), optical density (at 405 nM) 
was measured using the VMAX Kinetic ELISA Microplate Reader and data were analyzed using 
SoftMax Pro 4.7 software.  
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2.3.6 Genomic DNA preparation and PCR  
Total CD4+ T cells were isolated from lymph nodes of tamoxifen-treated Roquinsan/+; 
Cd4-CreERT2+/-; Bcl6+/+ or Roquinsan/+; Cd4-CreERT2+/-; Bcl6f/f mice according to manufacturer’s 
instructions (EasySEP ™ Mouse CD4+ T cell Isolation Kit, STEM Cell).  Genomic DNA was 
prepared from CD4 cells and non-CD4 cells by Proteinase K digestion (4 hours, 55°C) followed 
by ethanol precipitation. The extracted DNA samples were quantified using a NanoDrop 2000 
and approximately 10ng of DNA from each sample was used for PCR reaction. PCR 
amplification was performed at 94°C, 20 seconds - 58°C, 30 seconds - 72°C, 60 seconds (33 
cycles), using RedTaq® ReadyMix PCR Mix (Millipore Sigma). 
 
Primers for Bcl6 alleles (a mixture of the following 3 primers; Fig. S2.5A): 
primer 1, 5’- CCATTCTCAGAAGATTATGGCAGA-3’;  
primer 2, 5’- CACACTATACATCAGAAAAGAATG-3’;  
primer 3, 5’- GGCCACCTTATGACATAGGCAC-3’, 
Primers for wildtype Sh2d1a:  
Sh2d1a forward, 5’- TCTGACATACAGTGAGCATC-3’ 
Sh2d1a reverse, 5’-CTTGGACTGTCACAGTGGTGTAC-3’. 
 
2.3.7 Tumor monitoring and treatment 
Tumors in cervical, axillary, brachial, and inguinal lymph nodes were palpated and 
monitored by in vivo ultrasound imaging (VEVO 770, Visual Sonics), using the RMV 707B 
scanhead. A minimum of 5 cross-sectional ultrasound images were taken and the largest 
diameter and cross-sectional surface area was chosen. Cre recombinase activity was initiated in 
tumor-bearing mice (6-13 months) when tumors reached ~5-12mm diameter; ~13-77mm2 cross-
sectional surface area. To induce Cre recombinase activity, oral gavage was performed for 5 
consecutive days (200μg/gram of body weight per day in corn oil).  Lovastatin was administered 
through intraperitoneal (i.p.) injections (2mg/kg, every other day for two weeks).  
 
2.3.8 Immunohistochemistry and immunofluorescence on human AITL samples 
Immunohistochemical staining of AITL patient biopsy samples was performed using 
antibodies against CD3 (DAKO, polyclonal, 1:500 dilution) and BCL6 (LEIKA, LN22, 1:80 
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dilution). Five-μm thick sections of formalin-fixed paraffin-embedded tissues were stained using 
Autostainer instruments (BOND-MAX, Leica Biosystems) according to manufacturer’s 
instructions. 
For immunofluorescence staining, paraffin-embedded tissue of human AITL or normal 
tonsillar samples were cut in 5-μm thick sections and stained with antibodies against CD4 
(VENTANA, SP35, ready to use), BCL6 (Abcam, ab172610, 1:200), and DAPI (PerkinElmer, 
FP1490A, 1:2000). Human samples were obtained with informed consent at the Samsung 
Medical Center following protocols approved by the Samsung Medical Center Institutional 
Review Board in accordance with the Helsinki Declaration. 
 
2.3.9 Statistical analysis 
Data were analyzed using Prism 7.0 (GraphPad Software). When comparing two groups 
an unpaired t test was performed. When comparing three groups, a one-way ANOVA test was 
used. For time courses of tumor regression, a two-way ANOVA test was utilized. When 
comparing tumor incidence rates, a Fisher’s exact test was used.  A p value of < 0.05 was 
considered statistically significant. For all experiments p values are as follows: *p<0.05, ** 




2.4.1 Signs of elevated helper T cell activities in Roquinsan/+ tumor-bearing mice  
A longitudinal study of AITL patient biopsy samples revealed that B cell follicles in 
tumor lymph nodes gradually disappear leading to a complete disruption of T-B boundaries (4, 
18). This hallmark feature of AITL has been recapitulated in lymph node tumors spontaneously 
developing in Roquinsan/+ mice, which are 50-150 times increased in their cellularity as compared 
to normal lymph nodes (270). Similar to human AITL, rather than a disproportionate expansion 
of T cells, it is an expansion of B cells that contributes to most of the tumor mass (270).  While it 
was presumed that this B cell expansion was driven by the hyperactive helper functions of 
neoplastic CD4+ cells (270), the different B cell populations in Roquinsan/+ tumor-bearing mice 
during progression have not been well-characterized.  Thus, we phenotyped B cell populations in 
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tumor-free, non-tumor, and tumor lymph nodes from Roquinsan/+ mice (6-13 months old) (Fig. 
2.1A).   
Consistent with mild spontaneous GC reactions, there was a greater frequency of GC B 
cells (B220+GL7hiFas+) in non-tumor compared to tumor-free lymph nodes (Fig. 2.1B-C). 
Interestingly, in tumors, the frequency of typical GC B cells was reduced as confirmed by flow 
cytometric analysis of B220+GL7hiFas+ (Fig. 2.1B-C) and B220+Bcl6+Fas+ (Fig. S2.1B) 
populations. We reasoned that this could be due to a rapid transition of GC B cells into the 
plasma cell lineage, reflecting hyperactive helper T cell activities during tumor growth. 
Consistent with this, we observed an increase of CD138+B220int plasmablasts in tumors (Fig. 
2.1E and F). Furthermore, we found that B220+GL7hiFas+ cells in tumors had an increased subset 
of cells that express high levels of IRF4 and reduced Bcl6 (Fig. 2.1G-I), a population reported to 
be the immediate precursor of plasma cells (125, 380). The B220+GL7hiFas- cells that 
accumulated in tumor lymph nodes were almost exclusively IRF4hiBcl6-.  We also confirmed 
that tumor-bearing mice have elevated IgG2c and IgG1 titers (Fig. S2.2A-B), consistent with 
previous data (270). This hypergammaglobulinemia is a shared feature between human AITL 
and our mouse model (6).  Thus, tumor-bearing Roquinsan /+ mice have signs of ongoing T-B 
crosstalk within tumors despite a lack of conventional germinal centers. 
 
2.4.2 Persistent activity of Bcl6 is required for tumor progression 
When heterogeneous human AITL tumor cell populations were xenografted into 
immunodeficient mice, after repeated rounds of serial transplantation, putative neoplastic CD4+ 
T cells persisted whereas CD8+ T cells and B cells gradually disappeared (32). Importantly, the 
enriched T lineage cells were mostly Bcl6+, suggesting that sustained expression of Bcl6 in CD4+ 
tumor cells might be required for AITL tumor progression.  Similar to this observation, we found 
that consecutive sections of AITL patient biopsy samples had comparable staining patterns for 
CD3 and Bcl6, likely signifying that Bcl6 is expressed in this T cell subset (Fig. 2.2A). To 
further confirm that Bcl6 is co-expressed within a CD4+ T cell subset, we performed multi-color 
immunofluorescence imaging on human AITL samples.  We observed predominant expression 
of Bcl6 in CD4+ cells in AITL, whereas Bcl6 expression was restricted to non-CD4+ cells, 
presumably B cells within the germinal center of human tonsils (Fig. S2.3A-B).  In fact, Bcl6 
positivity is now considered a reliable diagnostic tool, especially for AITL patients with bone 
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marrow involvement (19, 54).  In Roquinsan/+ tumors, the conventional CD4+CXCR5+PD-1+ Tfh 
cell population was decreased with reduced PD-1 expression (Fig. 2.2B-D) (270).  However, this 
difference was less pronounced when we gated on CD4+CXCR5+Bcl6+ cells (Fig. S2.4A-B) and 
high levels of Bcl6 in CD4+CXCR5+PD-1+ cells were maintained regardless of tumor status (Fig. 
2.2E-F). Because this CD4+CXCR5+PD-1+ population expresses the highest levels of Bcl6 and is 
also highly proliferative (Fig. 2.2G), we suspect that these cells represent the neoplastic cells 
driving tumor growth by interacting with B cells.  Based on these, we predicted that acute 
ablation of Bcl6 activity halts AITL-like tumor growth.  To test this idea, we generated mice 
expressing a CD4-driven tamoxifen-inducible Cre recombinase and conditioned Bcl6 genes in 
the Roquinsan/+ background (Roquinsan/+; Cd4-CreERT2+/-; Bcl6f/f) (Fig. 2.2H). Upon exposure to 
Cre recombinase activity, the conditioned Bcl6 gene loses exons 7-9 (encoding zinc-finger 
domains) and thereby its capacity to drive GC B or Tfh cell differentiation (217, 384). We 
confirmed that our Cd4-CreERT2 system efficiently removed the floxed Bcl6 DNA segment 
specifically in CD4-expressing cells (~73% efficiency) (Fig. S2.5A). Under the same conditions, 
the Bcl6 antibody (clone K112-91) detected intact levels of Bcl6 in Cre-experienced Tfh-like 
cells (Fig. S2.5B).  It has been reported that loss of exons 8-9 from Bcl6 results in a truncated 
protein with a mainly cytoplasmic localization pattern that cannot bind DNA (202).  This, taken 
together with our observation, may suggest that in our model, the deleted Bcl6 allele still 
produced a non-functional truncated version of Bcl6. Once these mice developed full-size 
tumors, we followed tumor growth by palpation and ultrasound imaging after tamoxifen 
administration.  Notably, tamoxifen treatment alone in control tumor-bearing mice (Roquinsan/+; 
Cd4-CreERT2+/-) reduced tumor size within the first week after treatment (Fig. 2.2I). This may be 
due to a general anti-cancer effect of tamoxifen, possibly mediated through several mechanisms 
such as induction of mitochondrial apoptosis, angiogenesis inhibition or suppression of cell 
proliferation (385).  However, tumors grew back after the initial shrinkage at 2 weeks post-
treatment.  In contrast, Roquinsan/+; Cd4-CreERT2+/-; Bcl6f/f showed continued tumor regression 
(Fig. 2.2I and J).  Mice that showed tumor regression had no recurrence in primary or distal 
lymph nodes up to 12 weeks after tamoxifen treatment (Fig. 2.2I). Therefore, we conclude that 




2.4.3 SAP is critical for tumor progression 
 Next, we sought to identify key mechanisms downstream of the Bcl6-dependent Tfh cell 
program that supports AITL-like tumor growth in Roquinsan/+ mice. As a master regulator of Tfh 
cell differentiation, Bcl6 has many direct or indirect target genes, ~50% of which are distinct 
from those identified in B cells (198, 199).  Relevant to its role in Tfh cell differentiation, Bcl6 
overexpression in human CD4+ T cells led to upregulation of SAP, along with CXCR5 and PD-1 
(237).  SAP has been shown to be crucial for the formation of T-B conjugates during early and 
late stages of the GC reaction (119, 244).  This is likely the reason why SAP deficiency 
drastically reduced tumor incidence in Roquinsan/+ mice (270).  Consequently, we predicted that 
sustained expression of SAP is critical for AITL-like tumor growth.  We found increased 
frequencies of SAPhi cells among CD4+ T cells (Fig. 2.3A) and Tfh-like cells from tumors in 
Roquinsan/+ mice, although we observed no differences in SAP MFI amongst Tfh-like cells (Fig 
2.3B).  Notably, SAPhi CD4+ T cells from tumors had more Ki-67+ cells when compared to 
SAPhi CD4+ T cells from non-tumor or tumor-free lymph nodes (Fig. 2.3C).  Within tumors, 
SAPhi CD4+ T cells were more proliferative than SAPlo CD4+ T cells (Fig. 2.3D).  These results 
suggest that tumor cells require high levels of SAP expression for their growth.  To directly test 
this idea, we generated Roquinsan/+; Cd4-CreERT2+/-; Sh2d1af/f or Sh2d1af/y mice (the Sh2d1a gene 
is X-linked) (Fig. 2.3E).  As expected, abrogation of SAP protein expression in CD4+ T cells by 
tamoxifen administration (~90% efficiency) (Fig. S2.5E) led to durable tumor regression until 12 
weeks post-treatment (Fig. 2.3F-G).  Similar results were obtained when the Sh2d1a gene was 
deleted ubiquitously by using a UBC-CreERT2 system in growing tumors (Fig. S2.6). Despite 
similar tumor regression kinetics caused by abrogation of functional Bcl6 or SAP, the two 
signature Tfh cell proteins appear to have distinct roles in AITL-like tumor maintenance. First, 
acute disruption of Bcl6 gene function does not cause immediate loss of SAP protein (Fig. 
S2.5C). Second, Bcl6 disruption leads to a small but clear reduction of CXCR5 expression levels 
among Tfh-like cells without grossly affecting their total frequency (Fig. S2.5D). In contrast, 
abrogation of SAP expression leads to a clear 2-fold reduction in the percentage of Tfh-like cells 
without affecting CXCR5 levels (Fig. S2.5F). 
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2.4.4 Selective abrogation of SAP-Fyn signaling pathway does not greatly alter AITL-like 
disease 
SAP promotes the production of cytokines such as IL-4 by activating Src family protein 
kinase, Fyn (383).  When SAP-Fyn interactions were abrogated by the SAP-R78A point 
mutation, the ability of SAP to activate Fyn was abolished (383).  However, this SAP-R78A 
mutant retained the ability to promote Tfh cell maturation and germinal center reactions (120, 
245).  Interestingly, a few Fyn mutations with disrupted auto-inhibitory mechanisms have been 
discovered in human AITL tumors, suggesting a positive role for Fyn kinase in AITL 
tumorigenesis (38, 44).  Although SAP-deficient Roquinsan/+ mice had dramatically reduced 
tumor incidence – no tumors developed out of 16 mice monitored (270), the contributions of the 
SAP-Fyn signaling pathway to disease incidence and severity have not been evaluated.  To 
address these questions, we generated cohorts of Roquinsan/+ mice possessing the Sh2d1a+/y or 
Sh2d1aR78A/y genotype.  Although there was some trend toward reduced tumor incidence, a 
substantial portion (9/29) of SAP-R78A mutant mice still developed tumors (Fig. 2.4A). Also, 
there was no difference in the number and size of tumors. Furthermore, the percentages of 
CD4+CXCR5+PD-1+ Tfh-like cells in tumors with wildtype or mutant SAP were similar (Fig. 
2.4B). We observed no differences in Bcl6 levels but increased Ki-67+ populations in SAP-R78A 
tumors, as compared to tumors with wildtype SAP (Fig. 2.4C).  SAP-R78A tumors also 
recapitulated the phenotype of B cell populations found in SAP wildtype-containing tumors (Fig. 
2.4D-E).  Lastly, there was no difference in the adhesive capacities of CD4+ T cells derived from 
the two groups of tumors as judged by an ICAM-1 binding assay (Fig. S2.7). These results 
indicate that SAP mostly utilizes Fyn-independent pathways such as T-B conjugation to promote 
AITL-like disease. 
 
2.4.5 Evidence for LFA-1-dependent T-B crosstalk in AITL-like tumor progression 
 Since ongoing T-B crosstalk is evident in growing AITL-like tumors, we wanted to test 
for upregulation of adhesion molecules on CD4+ and B220+ cells in tumors.  It has been reported 
that Tfh cells express high levels of LFA-1 and that disruption of LFA-1 activity severely 
compromises Tfh cell survival and GC reactions (118).  Interestingly, using an ICAM-1 binding 
assay, we found that CD4+ T cells from tumors had elevated levels of functional or high affinity 
LFA-1 compared to tumor-free Roquinsan/+ mice, whereas non-tumor CD4+ T cells had 
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intermediate levels of active LFA-1 (Fig. 2.5A).  Additionally, tumor samples contained B cells 
that expressed relatively higher levels of ICAM-1 compared to their counterparts in tumor-free 
mice although the differences in absolute MFI was not very strong (Fig 2.5B). This suggests that 
B cells in tumor-bearing mice have a better capacity to engage with T cells.  Among B cell 
subsets, regardless of tumor progression, ICAM-1 levels were highest in B220+GL7hiFas+ GC B-
like cells, the known partner of Tfh cells in germinal centers (Fig. 2.5C). Accordingly, we tested 
if repeated injection of LFA-1 blocking antibodies could reduce tumor size. However, we could 
not detect clear regression of AITL-like tumors. We reasoned that macromolecules such as 
antibodies may not be able to infiltrate tumor lymph nodes due to their highly disorganized 
lymph node architecture.  Therefore, we decided to test small molecule inhibitors for LFA-1.  A 
cholesterol-lowering drug, Lovastatin, has been reported to inhibit LFA-1 allosterically (386, 
387).  We validated this inhibitory effect of Lovastatin in vitro using Tfh cells isolated from 
Peyer’s patches with minimal change to cell viability (Fig. 2.5D).  Importantly, when we 
administered Lovastatin to tumor-bearing Roquinsan/+ mice, we observed a full regression (>60% 
reduction in area) or partial regression (25-60% reduction in area) in 6/13 tumors (Fig. 2.5E-F). 
However, the impact of Lovastatin on tumor growth may involve mechanisms other than LFA-1 
inhibition such as alteration of cholesterol metabolism, warranting further study. Additionally, a 
caveat of this experimental design is that because we do not have a vehicle-treated control group, 
we cannot rule out the potential influence of drug diluent and/or animal handling. Since absence 
of SAP in murine natural killer (NK) cells diminished high affinity LFA-1 (388), we tested if 
acute loss of SAP expression could lead to a drastic disappearance of high affinity LFA-1 in 
CD4+ T cells.  However, both in vitro and in vivo tamoxifen-induced abrogation of SAP 
expression did not affect active LFA-1 levels (Fig. S2.8).  Taken together, we showed that high 
affinity LFA-1 and ICAM-1 are more highly expressed in tumors as compared to tumor-free 
lymph nodes, suggesting that T-B crosstalk may occur with a higher probability in tumor-bearing 
mice. However, as inhibition of LFA-1 affinity resulted in an overall partial response, it is more 
probable that LFA-1-mediated crosstalk works in parallel with other adhesion and/or 
costimulatory molecules to support T-B interactions within tumor-bearing Roquinsan/+ mice. 
Because  ICOS is important for Tfh cell generation and function, specifically as a 
costimulatory signaling molecule involved in T-B crosstalk, it is another attractive candidate to 
study within the framework of AITL-like disease (35, 389). As such, in a similar manner to Bcl6 
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and SAP, we asked whether ICOS is also continually required to support AITL-like disease 
progression. To test this idea, we ubiquitously deleted the Icos gene from fully developed AITL-
like tumors using the UBC-CreERT2 system. Unlike what we observed for Bcl6 and SAP, we 
found a heterogenous response where 2/6 mice experienced a full regression and 4/6 mice had 
overall no response 3 weeks post-gene deletion (Fig. S2.9). From this data, it is evident that 
ICOS does not have a unanimous impact on AITL-like tumor progression, and accordingly, 
supplementary experiments will need to be done in order to delineate differences between non-
responder and responder Roquinsan/+ mice.  
 
2.5 Discussion 
 We report evidence that CD4+ and B220+ cells in AITL-like tumors intimately influence 
each other and resemble Tfh-GC B cell interactions in physiological germinal centers.  First, 
there is an accumulation of B220+GL7hi Fas+ populations with signs of plasma cell commitment 
(Bcl6loIRF4hi), a product of successful Tfh-GC B cell collaboration. Second, AITL-like tumor 
progression heavily relies on continued expression of Tfh cell lineage-defining transcription 
factor Bcl6, and high levels of SAP, a key element of T-B conjugation. In addition, CD4+ T cells 
from tumor-bearing mice had increased active LFA-1, an adhesion molecule highly expressed on 
Tfh cells, as well as elevated levels of its binding partner ICAM-1 on B cells.  Lastly, we found 
that tumor CD4+ T cells can drive tumor growth without Fyn-mediated SAP signaling 
mechanisms, consistent with previous studies that T-B collaboration during germinal center 
reactions is SAP-Fyn independent.  
It is intriguing that Bcl6 plays critical roles both in GC-derived T and B cell 
malignancies.  Dysregulated Bcl6 expression is important in the development and progression of 
GC-derived B cell lymphomas (219, 231, 232, 390).  In B cell lymphomas, the oncogenic effects 
of persistent Bcl6 is likely mediated by its ability to suppress cell cycle inhibitor p21 and p53 
(232).  In contrast, BCL6 mutations have not been discovered in human AITL, but sustained 
expression of Bcl6 appears to be critical for maintaining malignant CD4+ T cell populations in 
xenografted human AITL samples (32) and our mouse model.  Considering that ~50% of Bcl6 
target genes in Tfh cells are distinct from those regulated in GC B cells (198), Bcl6 may play 
different roles in T cell lymphoma generation and progression compared to B cell lymphomas.   
 66
The association between Bcl6 and SAP has been well-established in Tfh cells. Both in 
mouse and human Tfh cells, Bcl6 expression levels highly correlate with SAP levels and B cell 
helper functions (237, 242, 391). High levels of SAP in Tfh cells appear to promote T-B 
conjugation by inhibiting negative signals provided by SLAMF6 (246). Analogous to this, Bcl6-
expressing Tfh-like cells in tumor lymph nodes had higher levels of SAP expression along with 
an expansion of B cells progressing into the plasma cell lineage. However, we found that acute 
disruption of Bcl6 activity does not lead to a drastic change in SAP expression level in CD4+ T 
cells. Since tumor regression becomes evident 2 weeks after tamoxifen treatment, we predict that 
these differences may be greater at later stages. However, we have not pursued this possibility as 
newly generated T cells from the thymus may complicate the interpretation.  Despite this, our 
data suggest that SAP is not an immediate downstream component of Bcl6. Further mechanistic 
studies are required to identify proximal components of Bcl6-regulated genes relevant to AITL 
tumor progression. 
There have been a handful of human AITL patients reported with somatic mutations in 
the FYN gene. These Fyn mutations disrupt auto-inhibitory mechanisms and suggest that 
hyperactive Fyn could drive AITL tumor initiation and progression.  Previous work has shown 
that Roquinsan/+ mice cannot develop tumors in SAP-deficient mice (270).  However, specific 
roles for SAP-Fyn signaling in AITL-like tumor incidence and progression have not been 
clarified.  In this study, we could not find clear differences in tumor incidence rates, severity, or 
characteristics, indicating that SAP-Fyn signaling has a very limited role in tumorigenesis and 
maintenance.  Although it remains possible that persistently hyperactive Fyn activity through 
other upstream signals (such as TCR) may drive tumor progression, it is not the main mechanism 
of how SAP drives AITL-like disease in our mouse model. 
Although we demonstrated that key Tfh cell proteins Bcl6 and SAP are continually 
important to maintain AITL-like disease in Roquinsan/+ mice, we observed that loss of ICOS in 
fully developed AITL-like tumors led to a heterogenous response where only one-third of mice 
experienced full tumor regression (>50% reduction in tumor area). One simple explanation to 
contextualize the differences observed between Bcl6/SAP and ICOS gene deletion is that certain 
tumors may depend less on ICOS-related signaling pathways and may instead co-opt other 
costimulatory pathways to support their growth. However, another explanation could be that loss 
of ICOS may cause Treg cell populations to be less immunosuppressive as observed in 
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Roquinsan/san  mice bred with Icos-/- mice, which led to increased splenic cellularity and effector T 
cell expansion, a phenomenon which did not occur with Roquinsan/san  mice bred with Sh2d1a-/- or 
Bcl6+/- mice (234, 373). The different outcomes observed in Bcl6/SAP versus ICOS deletion is 
interesting because Bcl6, SAP and ICOS are all reported to be critical mediators of Tfh cell 
generation and function (34, 35). Likewise, Bcl6, SAP and ICOS are also reported to impact Tfr 
cell formation, however, only ICOS has been strongly implicated in supporting Treg cell 
identity, suppressive abilities, survival and proliferation (389, 392-395). As such, ICOS may 
have a greater influence on certain important aspects of Tfr cell functionality that mirrors Treg 
cells as compared to Bcl6 or SAP. Consequently, when selecting candidates for pharmacological 
inhibition of T-B communication, it is important to consider the impact of these signaling 
molecules on other immune cell subsets to avoid selecting agents which may cause an undesired 
outcome, such as a worsened disease course for AITL patients. 
Within solid tumors, Treg cells are considered potent suppressors of antitumor responses, 
for instance, by preventing proper immunosurveillance mechanisms (396). In GCs, Treg and Tfr 
cells are also reported to suppress Tfh and GC B cell activities, particularly in the context of 
autoimmune and allergic responses (397-399). Foxp3+ cells have been identified in human AITL, 
but how they might contribute to tumor progression has not been studied (273, 274). On the one 
hand they could promote tumor growth by suppressing immune surveillance mechanisms or 
conversely, counter tumor progression by inhibiting Tfh-like tumor cell activity. Treg/Tfr cells 
could also contribute to disease symptoms, such as autoantibody production which can be 
observed in clinical laboratory tests for certain AITL patients (11), especially if Treg/Tfr cells 
are also abnormal due to mutations in RHOA, epigenetic modifiers or TCR signaling 
components. The overall impact of combined TET2 and RHOA-G17V mutations on Treg/Tfr 
cells is also uncertain. Mice with inducible CD4-specific expression of RhoaG17V are reported to 
have increased Treg and Tfr cells (45), while loss of Tet2/3 from Foxp3+ Treg cells has been 
demonstrated to promote an effector phenotype with an increased gene expression profile 
relating to Tfh and Th17 cells (400). Taken together, their combined impact could be increased 
Treg/Tfr cells which have a proinflammatory Tfh-like phenotype that may directly or indirectly 
be involved in AITL pathogenesis.    
 There are several mouse models of AITL that have provided insights into the 
pathogenesis of human AITL.  An early study using transplantation of human AITL cells into 
 68
immunodeficient mice confirmed that neoplastic CD4+ T cells express high levels of Bcl6 (32).  
Studies using genetically engineered mouse models confirmed the relevance of the most 
prevalent somatic mutations discovered in human AITL. Approximately 60-70% of human AITL 
patients present with a recurrent RHOAG17V mutation, often associated with loss-of-function 
mutations in TET2 (36, 38, 44, 45). Several recent mouse models support a two-hit model of 
AITL tumorigenesis which requires both TET2 deficiency and expression of RHOA-G17V. Loss 
of TET2 in hematopoietic progenitor cells is shown to predispose mice to both lymphoid and 
myeloid malignancies but an additional RhoaG17V mutation in T cells is required to initiate Tfh 
cell-driven lymphomas (45-47, 55).  These studies also showed that combining TET2 deficiency 
with the RHOA-G17V mutation synergistically elevates Tfh cell differentiation, as well as PI3K-
mTORC1 and TCR signaling pathways, which leads to AITL-like disease.  While spleen and 
swollen lymph nodes (<2mm in diameter) in these mouse models share histological features with 
human AITL, they do not phenocopy the hypergammaglobulinemia and palpable 
lymphadenopathy seen in human patients.  In contrast, Roquinsan/+ mice give rise to easily 
detectable tumors with most of the pathological features of human AITL. The gross change in 
the size of tumor lymph nodes provides a unique opportunity to test the impact of gene deletion 
or drug treatment in a preclinical setting. Despite these advantages, it should be noted that 
ROQUIN1 gene mutations have not been detected in human AITL (376). Also, it remains unclear 
whether T cells in Roquinsan/+ mice transform into tumor cells due to elevated TCR or cytokine 
signaling as is often shown in peripheral T cell lymphomas (44, 401). Therefore, our findings 
made in Roquinsan/+ mice need to be further validated in more relevant disease models. In this 
context, patient-derived xenograft models using human AITL cell lines with defined causative 
mutations may provide further insights (94, 335). 
 In summary, our data suggest that ongoing T-B crosstalk is a driving force for the 
progression of Tfh cell-derived T cell lymphomas.  Importantly, this may apply not only to AITL 
but other PTCLs with features of Tfh cell origin.  Therefore, we propose that future therapies for 
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2.9 Figures and figure legends 
 
 
Figure 2.1 An increase of plasmablasts in tumor lymph nodes of Roquinsan/+  mice 
(A) Pictogram illustrating differences between tumor-free and tumor-bearing mice as well as 
pictorial explanation of tumor-free, non-tumor and tumor lymph nodes. (B-D) Representative 
flow cytometric analyses and frequencies of B cell populations using surface markers Fas and 
GL7 (n=10 tumor-free; n=11 non-tumor; n=15 tumor samples). (E) Representative flow 
cytometry plots and histograms comparing frequency of plasmablasts (n=5 tumor-free; n=6 non-
tumor; n=9 tumor samples). (G-I) Expression profile of Bcl6 and IRF4 in GL7hiFas+ B cells as 
depicted through representative flow cytometry plots and frequencies (n=5 tumor-free; n=5 non-
tumor; n=9 tumor samples).  Error bars in C, D, F, H and I represent SEM. Data are pooled from 




Figure 2.2 Disruption of functional Bcl6 gene in growing AITL-like tumors leads to tumor 
regression 
(A) Exemplary immunohistochemistry sections of human AITL patient samples depicting CD3 
and Bcl6 expression. (B) Representative flow cytometric plots showing subsets of CD4 cells 
based on expression of PD-1 and CXCR5. (C) Comparing frequencies of CD4+CXCR5+PD-1+ 
cells between tumor-free, non-tumor and tumor samples (n=11 tumor-free; n=15 non-tumor; 
n=21 tumor).  (D) Median fluorescence intensity (MFI) of CXCR5 and PD-1 on 
CD4+CXCR5+PD-1+ cells (n=11 tumor-free; n=15 non-tumor; n=21 tumor). (E) Bcl6 expression 
in CXCR5-PD1- , CXCR5+PD-1- and CXCR5+PD-1+ cells from tumor samples and Bcl6 MFI of 
CD4+CXCR5+PD-1+ cells (F) (n=9 tumor-free; n=12 non-tumor; n=13 tumor). (G) 
Representative histogram and frequency of Ki-67 levels in tumor CD4+ subsets (n=21 tumor). 
(H) Roquinsan/+ mice were bred with a CD4-specific tamoxifen-inducible Cre recombinase to 
target the Bcl6 gene (Roquinsan/+; Cd4-CreERT2+/-; Bcl6f/f). (I-J) Representative ultrasound images 
and time course demonstrating tumor regression in mice with Bcl6 gene deletion. (n=5 
Roquinsan/+; Cd4-CreERT2+/-; Bcl6+/+; n=6 Roquinsan/+; Cd4-CreERT2+/-; Bcl6f/f). Error bars in C, D, 




Figure 2.3 Abrogation of SAP expression from AITL-like tumors leads to tumor regression 
(A) Increased expression of SLAM adaptor protein, SAP in CD4 cells from AITL-like tumors 
(n=5 tumor-free; n=8 non-tumor; n=12 tumor samples). (B) Frequency and median fluorescence 
intensity (MFI) of SAP in CXCR5+PD-1+ cells from tumor-free, non-tumor and tumor samples 
(n=5 tumor-free; n=8 non-tumor; n=12 tumor). (C) SAPhi CD4 cells from tumors are more 
proliferative, as depicted through increased frequencies of Ki-67+ cells (n=4 tumor-free; n=7 
non-tumor; n=11 tumor samples). (D) SAPhi CD4+ tumor cells are more proliferative than SAPlo 
as shown in representative histogram and frequencies. (E) Roquinsan/+ mice were bred with a 
CD4-specific tamoxifen-inducible Cre recombinase and conditional Sh2d1a allele (Roquinsan/+; 
Cd4-CreERT2+/-; Sh2d1af/y or f/f ). Representative ultrasound images and time course (F, G 
respectively) demonstrating tumor regression in mice with CD4-specific abrogation of SAP (n=5  
Roquinsan/+; Cd4-CreERT2+/-; Sh2d1a+/+ ; n=9 Roquinsan/+; Cd4-CreERT2+/-; Sh2d1af/y or f/f).  In F, we 
reused CD4-CreERT2+/- control data shown in Figure 2.2I to perform statistical analysis for 
different time points.  Error bars in A, B, C, D, and F represent SEM. Data are pooled from at 




Figure 2.4 Loss of SAP-Fyn signaling pathway does not greatly alter AITL-like disease 
(A) Abrogation of downstream signaling between SAP and Fyn kinase does not prevent tumor 
incidence but may have a partial effect (n=17 Roquinsan/+; Sh2d1a+/y; n=29 Roquinsan/+; 
Sh2d1aR78A/y ). (B-E) Tumors from Roquinsan/+; Sh2d1a+/y or Roquinsan/+; Sh2d1aR78A/y show 
comparable T and B cell expression patterns and frequencies. (n=3 Roquinsan/+; Sh2d1a+/y 
tumors; n=7 Roquinsan/+; Sh2d1aR78A/y tumors). Error bars in B, C, D and E represent SEM. Data 
are pooled from at least 2 independent experiments. 
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Figure 2.5 Elevated high affinity LFA-1 and ICAM-1 levels in Roquinsan/+  tumors 
(A) Tumor samples have increased frequency of high affinity LFA-1.  Representative flow 
cytometric analyses and frequency of high affinity LFA-1 expression on CD4+ cells from 
recombinant ICAM-1 binding assay (10μg/ml of murine recombinant ICAM-1) (n=5 tumor-free; 
n=4 non-tumor; n=4 tumor samples). (B) Concomitant increased expression of ICAM-1 on 
B220+ cells in Roquinsan/+  tumors as shown in representative flow cytometric analyses and 
frequencies. (B-C) Median fluorescence intensity (MFI) of ICAM-1 on B cell subsets (n=5 
tumor-free; n=5 non-tumor; n=7 tumors). (D) Incubating wildtype Peyer’s patch cells with 
Lovastatin during ICAM-1 binding assay verifies reduction in high affinity LFA-1 levels on 
CD4+ T cells with minimal differences in cell viability (n=5 wildtype). (E) Left graph shows a 
time course of change in tumor size after treatment with Lovastatin (2mg/kg, i.p., every other 
day for 2 weeks) compared to the untreated control group (n=7 untreated; n=13 treated). 
Lovastatin treated mice were further sub-grouped based on the following criteria: no response 
(<25% reduction in area or growth), partial response (25-60% reduction in area) or full response 
(>60% reduction in area) at the final time point (week 6). The right graph further compares each 
response type with the untreated control group (n=7 untreated; n=7 no response; n=3 partial 
response; n=3 full response). (F) Exemplary regressed tumor is shown through ultrasound 






2.10 Supplemental figures and figure legends 
 
 
Figure S 2.1 Reduced Bcl6+Fas+ GC B-like cells in tumor samples 
Representative flow cytometric plots for tumor-free, non-tumor and tumor lymph node samples 
of Bcl6+Fas+ B cell populations (A) and their quantification (B). (n=5 tumor-free; n=6 non-




Figure S 2.2 Hypergammaglobulinemia in tumor-bearing mice 
Steady-state levels of IgG1 and IgG2c were measured by ELISA using serum samples from 
wildtype, tumor-free or tumor-bearing mice. Each dot represents one mouse. (n=10 wildtype; 




Figure S 2.3 Bcl6 is predominantly expressed in CD4+ cells in human AITL 
Immunofluorescence staining of a germinal center within a normal lymphoid follicle (A) and 
AITL (B). Sections were stained with antibodies against BCL6 (red), CD4 (green) and DAPI 




Figure S 2.4 Similar frequencies of Bcl6+CXCR5+ Tfh-like cells regardless of tumor 
progression 
Representative flow cytometric plots for tumor-free, non-tumor and tumor lymph node samples 
of Bcl6+CXCR5+ CD4 T cell populations (A) and their quantification (B). (n=9 tumor-free; n=9 




Figure S 2.5 Efficient disruption of conditioned genes in Cd4-CreERT2 system 
(A-D) Roquinsan/+; Cd4-CreERT2+/-; Bcl6f/f or  Roquinsan/+; Cd4-CreERT2+/-; Bcl6+/+ mice were 
treated with tamoxifen for 5 days and lymph nodes were analyzed 24 hours after the last dose of 
tamoxifen.  (A) (Left) Semi-quantitative PCR analysis indicating predominant deletion of Bcl6 
ex7-9 in a CD4-specific manner. (Right) Schematics of wildtype (WT), conditional (Flox ex7-9) 
and Cre-experienced conditional allele of Bcl6 (ex7-9 deleted) along with primer sets and 
expected sizes of PCR products. Note that primer 1 and 3 will amplify PCR products only from 
the “ex7-9 deleted” allele (in black) but not from the “WT” or “Flox ex7-9” locus (in red) under 
our PCR condition (60 second elongation) due to size differences. Control primers detect 
wildtype Sh2d1a gene that are equal in all the samples. (B) Median fluorescence intensity (MFI) 
of Bcl6 on CXCR5+PD-1+ Tfh cells. (C) Frequency of SAP-expressing Tfh cells followed by (D) 
frequency of Tfh cells as well as CXCR5 and PD-1 MFI on CXCR5+PD-1+ Tfh cells. For flow 
cytometry n=4 tumor-free mice per genotype.  For PCR n=3 samples per genotype. (E-F) 
Roquinsan/+; Cd4-CreERT2+/-; Sh2d1af/f or f/y or Roquinsan/+; Cd4-CreERT2+/-; Sh2d1a+/+ tumor-free 
mice were treated with tamoxifen for 5 days and lymph nodes were analyzed 48 hours after last 
dose of tamoxifen. (E) Efficient loss of SAP protein in CD4+ T cells after tamoxifen treatment. 
(F) Frequency of CXCR5+PD-1+ Tfh cells and MFI of CXCR5 and PD-1 on CXCR5+PD-1+ Tfh 
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cells (n=3 tumor-free mice per genotype). Errors bars in B-F are SEM. Data are pooled from at 
least 2 independent experiments. 
 
 
Figure S 2.6 Ubiquitous Sh2d1a gene deletion in tumor-bearing mice leads to tumor 
regression 
Changes in tumor area shown over time for tamoxifen versus UBC-CreERT2+ controls (A) and 
UBC-CreERT2+ controls versus ubiquitous SAP gene deletion (B). The same UBC-CreERT2+ 
controls are shown in both A and B (n=5 tamoxifen control; n=3 Roquinsan/+; UBC-CreERT2+; 
Sh2d1a+/y or +/+; n=9 Roquinsan/+; UBC-CreERT2+; Sh2d1af/y or f/f ). Representative ultrasound 
images are shown for each condition (C). Errors bars in A and B are SEM. Data are pooled from 




Figure S 2.7 Disruption of SAP-Fyn signaling in AITL-like tumors does not impact affinity 
of LFA-1 
Representative histogram and frequency of high affinity LFA-1 in tumors from wildtype SAP or 
mutant SAP (n=3 wildtype SAP; n=5 mutant SAP). Errors bars are SEM. Data are pooled from 
at least 2 independent experiments. 
 
 
Figure S 2.8 Loss of SAP protein does not impact levels of high affinity LFA-1, Ki-67 and 
Bcl6 
(A) Total lymph node cells from tumor-free Roquinsan/+ mice were incubated with soluble anti-
CD3e in the absence or presence of 4-hydroxytamoxifen and analyzed for SAP and high affinity 
LFA-1 expression on day 2 or 3. (For day 2 n=4 tumor-free mice; for day 3 n=3 tumor-free mice) 
(B) Roquinsan/+; UBC-CreERT2+; Sh2d1af/y or f/f  tumor-bearing mice were treated with tamoxifen 
for 3 days and analyzed 3 weeks after finishing tamoxifen regimen. Flow cytometric analysis 
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confirm low levels of SAP protein after gene deletion but no change in high affinity LFA-1, Ki-
67 or Bcl6 expression levels (n=3 tamoxifen control tumors; n=5 Roquinsan/+; UBC-CreERT2+; 




Figure S 2.9 Ubiquitous Icos deletion in tumor-bearing mice leads to heterogenous response  
(A) Changes in tumor area shown over time for UBC-CreERT2+ controls versus ubiquitous ICOS 
gene deletion. UBC-CreERT2+ controls are re-used from Figure S2.6 (n=3 Roquinsan/+; UBC-
CreERT2+; Icos+/+; n=6 Roquinsan/+; UBC-CreERT2+; Icosf/- ). (B) Mice with ICOS gene deletion 
were further sub-divided according to their response at week 3 post-gene deletion based on the 
following criteria: non-responder (<50% reduction in area) or responder (>50% reduction in 
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Angioimmunoblastic T cell lymphoma (AITL) is an aggressive peripheral T cell 
lymphoma without effective therapeutic options. Although circulating tumor cells are found in 
the blood of AITL patients, the rate at which tumors disseminate to nearby lymph nodes can 
differ between patients, ranging from several months to years. One possibility is that continual 
immune surveillance may aid in resisting the spread of AITL disease. The phagocytic ability of 
macrophages is important to control tumor growth and is heavily dependent on positive (“eat 
me”) and negative (“don’t eat me”) checkpoint signals. Signaling lymphocytic activation 
molecule F7 (SLAMF7) is expressed in a subset of human AITL patients and is also a positive 
signal for macrophage activation.  This positive SLAMF7 engagement can be counteracted by 
negative signals provided by the interaction between CD47 (on tumor cells) and SIRP (on 
macrophages). It has been reported that inhibiting this CD47-SIRP signaling pathway can lead 
to increased phagocytosis of certain B cell lymphomas, which is dependent on SLAMF7 
expression on target cells. Using a spontaneous mouse model for AITL-like disease (Roquinsan/+), 
we confirm expression of SLAMF7 on mouse-derived AITL-like tumor cells and the presence of 
intratumoral macrophages well-equipped with SLAMF7 and SIRP. We also demonstrate that in 
vitro blockade of CD47-SIRP signaling through anti-CD47 antibody increases the ability of 
macrophages to phagocytose AITL-like tumor cells. Taken together, this suggests that 
manipulation of the CD47-SIRP signaling pathway may inhibit AITL tumor cell dissemination 
and provides a rationale for harnessing macrophages in AITL disease treatment.  
 
3.2 Introduction 
AITL is a type of peripheral T cell lymphoma (PTCL), derived from the germinal center 
(GC) which often presents with symptoms such as generalized lymphadenopathy, B-symptoms, 
hepatosplenomegaly and hypergammaglobulinemia (1-3, 6, 403). In addition, gross immune 
dysregulation leaves AITL patients vulnerable to recurrent opportunistic infections, contributing 
to low survival rates (73, 377, 404). Intriguingly, despite the presence of circulating CD4+ tumor 
cells in AITL patients, the rate at which tumors spread to distal lymph nodes can vary from a 
span of several months to years, which may suggest the importance of tumor-specific lymphoid 
niches or the presence of ongoing immune surveillance (4, 10, 91, 265). 
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AITL tumor cells originate from a specialized subset of CD4+ T cell, the T follicular helper 
(Tfh) cell (1, 18, 21, 23, 30, 378). Under physiological conditions, Tfh cells provide support to B 
cells to drive the generation of high affinity antibodies that ultimately confers protection against 
foreign pathogens or immunity after vaccination (34, 35, 99, 405). In contrast, pathological 
hyperactivity of Tfh cells can lead to inappropriate B cell responses, and manifest as 
autoimmune or AITL disease (35). Despite the Tfh cell origin of AITL, throughout disease 
evolution, the proportion of tumor cells is maintained at rather low levels, and instead, there is an 
overabundance of activated B cells which fills the tumor niche (4, 30, 36). Moreover, AITL 
tumor cells are oligoclonal in nature and propagate inappropriate immune activation as 
evidenced by intratumoral accumulation of B cells, plasma cells and macrophages (2, 14, 18). 
While tumor cells in human AITL have been rather well-studied, there has been less 
investigation on the impact of other immune cell types within the tumor microenvironment and 
how they may influence the growth and dissemination of these Tfh cell-derived tumor cells.   
Macrophage-mediated immune surveillance plays an essential role in controlling cancer 
growth and spreading (297).  Macrophages are important during infection through their ability to 
clear pathogens, as well as under homeostatic conditions to eliminate cellular debris from aged 
or dying cells (299, 306, 406). As such, boosting signaling mechanisms to prevent tumor cell 
evasion while at the same time promoting macrophage-mediated phagocytosis of the same target 
tumor cells would be a great advantage for antitumor immunity. However, there is a complicated 
balance between the numerous activating and inhibitory receptors present on the surface of both 
macrophages and target cells. Signaling lymphocytic activation molecule F7 (SLAMF7) is part 
of the SLAM family receptors and can interact with SLAM-associated protein (SAP) family of 
adaptors such as EAT-2. SLAMF7 is found expressed on activated T cells, B cells, natural killer 
(NK) cells, dendritic cells and macrophages (239). In the framework of hematopoietic cancers, 
such as B cell lymphomas, prophagocytic SLAMF7 signaling works to support macrophage 
activation by interacting with integrin Mac-1 (CD11b) rather than binding to SAP family adaptor 
protein, EAT-2 (241).  This positive SLAMF7 signal can be counteracted by negative (“don’t eat 
me”) signals provided by the interaction between CD47 (on tumor cells) and SIRP (on 
macrophages) (241).  CD47 is a transmembrane protein ubiquitously expressed on a wide variety 
of cell types and is often upregulated on tumor cells (299, 306), while its receptor, SIRP, is 
expressed mainly on monocytes, granulocytes, macrophages, dendritic cells and neutrophils 
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(296, 300). In macrophages, CD47 engagement with SIRP leads to activation of phosphatases 
SHP-1 and SHP-2 and a cascade of signaling events that suppresses myosin IIA-mediated 
phagocytosis of target cells (296, 306).  
Numerous B cell-derived lymphomas have higher levels of CD47 and this is predictive of 
poorer prognosis in B cell non-Hodgkin lymphoma (NHL) (300). In line with this, it has been 
reported that dual combination therapy of anti-CD47 and anti-CD20 (rituximab) in NHL-PDX 
models reduced tumor burden and improved survival (318).  Additionally, the treatment of 
patients with diffuse large B-cell lymphoma (DLBCL) or follicular lymphoma with dual anti-
CD47 and anti-CD20 therapy demonstrated promising results in patients with aggressive or 
indolent lymphoma (319). In human AITL, although CD47 expression is variable between 
patient samples, in vitro CD47 blockade led to increased phagocytosis using human AITL tumor 
cells derived from an AITL-PDX model (323). Thus, understanding how to incorporate CD47 
signaling blockade into AITL treatment could be beneficial in improving disease outcomes. 
SLAMF7 is also expressed in human AITL (321) and has been the focus of studies aimed at 
utilizing immunostimulatory monoclonal antibodies against SLAMF7 (elotuzumab) in PDX 
models to assess the therapeutic value of SLAMF7 stimulation in human AITL (336, 337). 
Considering the critical role of SLAMF7 in the clearance of hematopoietic-derived tumors, 
further investigation into the functional role of SLAMF7 on both tumor cells and cells involved 
in immunosurveillance is warranted.  
In this study, using the Roquinsan/+ mouse model, which spontaneously develops AITL-like 
disease at 4-6 months of age (50% penetrance) (270), we observe increased expression of the 
“don’t eat me” signal, CD47 on Tfh-like tumor cells, an indication of potential immune evasion 
mechanisms. Further, we report a high SLAMF7-expressing CD4+ T cell subset and decreased 
expression of SLAMF7 on GC B-like cells in AITL-like tumors. Additionally, intratumoral 
macrophages had increased SLAMF7 levels, which taken together may suggest failed antitumor 
responses attempting to limit tumor growth. Importantly, we demonstrate that blockade of CD47-
SIRP signaling using an anti-CD47 antibody in vitro increased the ability of macrophages to 
phagocytose AITL-like tumor cells. This work provides evidence that manipulation of CD47 





Roquinsan/+ mice were provided by Dr. C. Vinuesa (Australia National University, 
Australia). Mice were maintained within animal facilities at the Institut de recherches cliniques 
de Montréal (IRCM) in a specific pathogen-free environment and all experiments were 
performed following animal use protocols approved by the IRCM animal care committee. 
 
3.3.2 Antibodies and chemicals 
All antibodies and streptavidin-conjugates and reagents used for flow cytometry were 
from ThermoFisher unless otherwise stated: B220 (RA3-62), CD4 (GK1.5), CD11b (M1/70, 
Biolegend), CD16/CD32 (2.4G2, BioXCell), CD47 (miap301), CD95 (Jo2, BD Biosciences), 
CXCR5 (SPRCL5), F4/80 (BM8), GL7,  Ki-67 (SolA15) PD-1 (J43, BD Biosciences), SIRP 
(P84), SLAMF7 (4G2, Biolegend), and streptavidin-PE Cy7. Dead cells were stained with 7-
AAD (BD Biosciences) or fixable viability dye (ThermoFisher). Fixation/permeabilization kits 
(ThermoFisher) were used to perform intracellular stainings.  
 
3.3.3 Flow cytometry 
Single cell suspensions of lymph nodes were prepared using mechanical dissociation with 
a 70M nylon mesh filter (BD Biosciences) in PBS or staining buffer (PBS supplemented with 
1% bovine serum albumin (BSA) (Wisent)). To prevent non-specific binding, cells were blocked 
with anti-CD16/CD32 and then stained with primary antibodies followed by streptavidin-
conjugates, if necessary. For intracellular stainings, cells were fixed and permeabilized using 
eBioscience™ Foxp3/Transcription Factor Staining Buffer set, according to manufacturer’s 
instructions. Samples were acquired using the LSR Fortessa (BD Biosciences) and analyzed on 
Flowjo Version 10 (Treestar).  
 
3.3.4 Generation of bone marrow-derived macrophages (BMDM) 
BMDMs were generated by flushing the femur and tibia bones of wildtype or Roquinsan/+ 
mice (6-12 weeks old) with macrophage culture media (RPMI supplemented with 10% heat-
inactivated FBS, 1% L-glutamine and 1% penicillin/streptomycin). Cells were cultured in 
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bacterial Petri dishes for ~6 days and media was supplemented with fresh M-CSF (PeproTech), 
to a final concentration of 10ng/ml.  
 
3.3.5 In vitro phagocytosis assay 
For phagocytosis assays, 5 x 104 BMDMs were seeded overnight in 24-well plates. To 
isolate CD4+ cells from Roquinsan/+ tumors, EasySEP™ Mouse CD4+ T cell Isolation Kit (STEM 
Cell) was used, according to manufacturer’s instructions.  Target cells (2 x 105 of total tumor or 
CD4+ only) were labelled with 2.5M carboxyfluorescein succinimidyl ester (CFSE, 
ThermoFisher) and then added to macrophages in the presence of rat IgG2a or anti-CD47 
(miap301; 10g/ml), followed by a 2-hour incubation period at 37C. After this incubation 
period, macrophages were washed and imaged using an inverted microscope (Carl Zeiss 
Axiovert S100 TV). The phagocytosis efficiency was calculated as the number of macrophages 
containing CFSE+ target cells per 100 macrophages.  
 
3.3.6 Immunohistochemistry 
Tumor-free, non-tumor and tumor lymph nodes were fixed in 10% formalin overnight at 
4C and then kept in 70% ethanol until embedded in paraffin. Samples were cut into 6m 
sections and stained with F4/80 (clone: C1: A3-1 #MCA497R, AbD Serotec) using an automated 
Discovery XT (Ventana Medical Systems/Roche). Images were taken using a Leica DM4000B 
equipped with cellSens digital imaging software Version 1.12 (Olympus).  
 
3.3.7 Statistical Analysis 
Data were analyzed using Prism 7.0 (GraphPad Software). When comparing three groups 
or more, a one-way ANOVA test was used. A p value of <0.05 was considered statistically 








3.4.1 Alteration in the expression profile of SLAMF7 in CD4+ and B220+ cell subsets within 
AITL-like tumors 
SLAMF7 is expressed in approximately 44% (4/9) of human AITL samples (321) and 
has recently been identified as an upregulated gene in AITL patients as compared to healthy 
controls (322). Nevertheless, understanding the implications of these observations have been 
rather limited. Before initiating experiments to study the role of SLAMF7-mediated phagocytosis 
in the context of the Roquinsan/+ mouse model, we first performed validation experiments and 
profiled SLAMF7 expression levels between tumor-free, non-tumor and tumor lymph nodes 
from Roquinsan/+ mice. 
Amongst total CD4+ T cells, there was an increased frequency of SLAMF7-expressing 
cells in tumor samples as compared to tumor-free or non-tumor lymph nodes (Fig. 3.1A). We 
also observed an increased SLAMF7hi subpopulation among Tfh-like CXCR5+PD-1+ cells in 
tumors (Fig. 3.1B). Within AITL-like tumors, these SLAMF7-expressing CD4+ or Tfh-like cells 
also contained a subpopulation enriched for Ki-67, a marker of cell proliferation (Fig. 3.1C, E). 
When comparing Ki-67 levels based on SLAMF7 expression, we observed that in CD4+ T cells, 
regardless of tumor stage, SLAM7hiCD4+ T cells were more proliferative as compared to 
SLAM7loCD4+ T cells (Fig. 3.1D). The same observation was not found in Tfh cells, where 
SLAMF7hi Tfh cells were equally as proliferative as their SLAMF7lo counterpart in tumor-free or 
non-tumor lymph nodes (Fig. 3.1F). In contrast, we observed that SLAMF7hi Tfh-like cells from 
tumors were more proliferative than SLAMF7lo Tfh-like cells, a feature unique to AITL-like 
disease (Fig. 3.1F). It has been reported that activated murine splenic CD4+ T cells stimulated 
with anti-CD3/CD28 upregulate levels of SLAMF7 in a time-dependent manner (333). While 
elevated expression of SLAMF7 on CD4+ and Tfh-like cells may increase their probability to be 
phagocytosed, it remains to be seen whether these CD4+ T cells somehow rely on SLAMF7-
mediated signaling pathways for their growth, proliferation and/or survival. 
In human AITL and the Roquinsan/+ mouse model, while both share a neoplastic Tfh cell 
population, the majority of the tumor mass comes from an inappropriate expansion of B cell 
populations (4, 30, 270). We have previously reported evidence that a subset of B cells found 
within the tumor environment in Roquinsan/+ tumors had progressed into plasma cell precursors 
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(402). As such, this may indicate that there is an accumulation of abnormal B cell subsets with 
atypical expression of proteins involved in macrophage-mediated phagocytosis, such as 
SLAMF7. While there was no difference in expression of SLAMF7 on total B220+ cells between 
tumor-free, non-tumor or tumor samples (Fig. 3.1G), within AITL-like tumors, amongst 
GL7hiFas+ GC B-like cells, there was a reduction in the expression level of SLAMF7 (Fig. 3.1H). 
Under non-pathological conditions, activated B cells and plasma cells in mice are reported to 
highly express SLAMF7 (333), and thus, this small alteration may suggest a survival mechanism 
to avoid SLAMF7-mediated elimination.  
 
3.4.2 Tfh-like cells within AITL-like tumors have increased expression levels of “don’t eat 
me” signal CD47  
SLAMF7 engagement is a crucial activating interaction that is required for efficient 
phagocytosis when dominating inhibitory CD47-SIRP interaction is interrupted (241). CD47 is 
a “don’t eat me” signal expressed on target cells, which upon binding to SIRP prevents 
phagocytosis (296).  We observed no difference in CD47 MFI on both total CD4+ or highly 
proliferative SLAMF7hiCD4+ cells (Fig. 3.2A-B). However, Tfh-like cells from tumors had 
slightly increased levels of CD47 as compared to non-tumor or tumor-free samples (Fig. 3.2C). 
Taken together, this suggests that CD47 upregulation is more specific to Tfh-like cells and likely 
represents one of the many ways in which AITL-like tumors evade immune-mediated 
elimination. However, whether this small increase in CD47 MFI amongst Tfh-like tumor cells 
has any biological significance needs to be tested. When comparing CD47 versus SLAMF7 
levels in Tfh cells, we observed that most Tfh cells were single positive for CD47, and in 
addition to this, we noted a very slight increase in the frequency of this population in AITL-like 
tumors as compared to non-tumor lymph nodes (Fig. 3.2E). Interestingly, CD47 MFI was 
generally lower in Tfh cells as opposed to total CD4+ T cells, irrespective of tumor stage (Fig. 
3.2A, C). As Tfh cells are reported to be more prone to cell death as compared to naïve or 
memory T cells (407), lowered levels of inhibitory CD47 on Tfh cells within the CD4+ T cell 
pool may reflect its preferential clearance during physiological GC responses. Lastly, we did not 
find a difference in CD47 MFI amongst GL7hiFas+ GC B-like cells regardless of tumor stage 
(Fig. 3.2D).  In summary, observing these changes in SLAMF7 and CD47 expression in both T 
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and B cell subsets in AITL-like tumors may reflect the opposing activity of signaling 
mechanisms which either promote or impede tumor growth.  
 
3.4.3 Macrophages in Roquinsan/+ AITL-like tumors are equipped with necessary molecules 
to mediate phagocytosis  
 In order for CD47-SIRP blockade to be efficient macrophages must be armed with 
certain proteins such as Mac-1 (CD11b), SLAMF7 and SIRP (241). Using 
immunohistochemistry, we identified F4/80 positive macrophages in tumor-free, non-tumor and 
tumor samples from Roquinsan/+ mice (Fig. 3.3A). We further compared the frequencies of 
F4/80+Mac-1+ macrophages between samples using flow cytometry and observed no differences 
(Fig. 3.3B). We also found that there was a trend of increased SLAMF7 MFI in F4/80+Mac-1+ 
macrophages within AITL-like tumors (Fig. 3.3C). Interestingly, when comparing the frequency 
of SLAMF7+SIRP+ amongst F4/80+Mac-1+ macrophages between tumor-free, non-tumor and 
tumor lymph nodes, we observed a gradual continuum of increased frequencies (Fig. 3.3E).  
Additionally, we also observed a larger percent of F4/80-Mac-1+ cells in non-tumor lymph nodes 
as compared to AITL-like tumors (Fig. 3.3B), which were also enriched for SLAMF7 (Fig. 
3.3D). In lymph nodes, both subcapsular and medullary sinus macrophages are reported to 
express Mac-1, but subcapsular sinus macrophages do not express F4/80, while medullary sinus 
macrophages are positive for F4/80 (313). However, while F4/80 is commonly accepted as a 
macrophage marker (408), expression of Mac-1 (CD11b) has also been reported on other 
immune cell subsets such as CD8+ T, NK and B1 cells (409-411). As such, it is challenging to 
understand the implications of observing an increased proportion of F4/80-Mac-1+ cells in non-
tumor lymph nodes as opposed to tumors and furthermore, the impact of elevated SLAMF7 
levels on this population within AITL-like tumors.   
The increased expression of prophagocytic protein SLAMF7 on both macrophages and 
Tfh-like cells in tumors (Fig. 3.1B) may not be able to overcome the elevated levels of negative 
signaling protein CD47 on Tfh-like cells in tumors (Fig. 3.2C), as this would strengthen SIRP-
dependent inhibitory pathways in macrophages. Ultimately, this may prevent tumor-associated 
macrophages from effectively removing newly generated and/or already existing tumor cells. 
Alternatively, another possibility is that AITL-like tumor cells are continuously being cleared by 
macrophages and in response to this immune pressure, tumor cells upregulate inhibitory CD47 in 
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order to escape engulfment and remain within the tumor mass. Furthermore, as GC B-like cells 
in AITL-like tumors have decreased expression of SLAMF7, this either suggests the 
development of an evasion mechanism towards CD47-SIRP controlled phagocytosis or a 
preferential survival benefit, which allows this lower SLAMF7-expressing GC B-like cell subset 
to prevail in AITL-like tumors. However, while we confirmed that macrophages in AITL-like 
tumors express both SLAMF7 and SIRP, it still needs to be tested whether tumor cells are 
susceptible to phagocytosis in the context of CD47 signaling blockade. 
 
3.4.4 AITL-like tumor cells can be efficiently phagocytosed upon CD47 blockade 
 To test whether CD47 signaling inhibition can increase macrophage-mediated 
phagocytosis of AITL-like tumor cells, we generated bone marrow-derived macrophages 
(BMDM) in vitro and co-cultured them with CFSE-labelled target cells in the presence of control 
antibody or anti-CD47 blocking antibody (Fig. 3.4A-B). For both wildtype and Roquinsan/+ 
BMDMs, we observed that blocking CD47 signaling in vitro led to an increased phagocytic 
efficiency of total or CD4+ AITL-like tumor cells (Fig. 3.4C). Generally, we saw an approximate 
2-fold increase in the percentage of phagocytosis when macrophages were co-cultured with total 
or CD4+ tumor cells, suggesting that CD4+ tumor cells as well as other immune cells (mostly B 
cells) within the tumor are susceptible to increased phagocytosis in a CD47-dependent manner. It 
has been previously reported that activated CD4+ T cells, which express SLAMF7, are more 
effectively phagocytosed upon CD47 signaling blockade (241). This is in contrast to naïve CD4+ 
T cells, which do not express SLAMF7 and are not phagocytosed in the absence or presence of 
anti-CD47 antibodies (241). Consequently, this suggests that SLAMF7-CD47 dependent 
phagocytosis actively participates in the phagocytic clearance of activated CD4+ T cells, 
however, whether CD4+ tumor cells are more or less susceptible to macrophage-mediated 
engulfment upon CD47 blockade as compared to physiologically activated CD4+ T cells still 
needs to be determined. Moreover, as we focused only on testing target cells isolated from 
AITL-like tumors, we were unable to determine whether the small increase of CD47 expression 
on Tfh-like tumor cells translated to changes in phagocytic efficiency in comparison to Tfh cells 




The data we report here demonstrate that tumor Tfh-like cells have a small relative  
increase in “don’t eat me” signal CD47 as compared to Tfh cells from tumor-free or non-tumor 
lymph nodes. Moreover, SLAMF7 downregulation on GC B-like cells in AITL-like tumors is 
suggestive of potential phagocytic evasion. Importantly, F4/80+Mac-1+ macrophages in the 
tumor microenvironment had an increased proportion of cells double positive for both SIRP 
SLAMF7. Nevertheless, despite elevated levels of SLAMF7, AITL-like tumors were present, 
indicating that CD47 upregulation, and possibly other mechanisms may be sufficient to resist 
phagocytosis and maintain tumor growth. Finally, we show improved phagocytic efficiency of 
either total or CD4+ AITL-like tumor cells upon in vitro administration of anti-CD47 antibody, 
demonstrating that this pathway can be manipulated in the context of AITL-like disease.  
 Among total CD4+ and Tfh-like cells from AITL-like tumors, we observed a 
subpopulation expressing higher levels of SLAMF7, which may leave these cells more 
susceptible to SLAMF7-mediated phagocytosis. Moreover, it has been reported that SLAMF7 
levels are upregulated in activated CD4+ T cells (333), and thus, our observation in AITL-like 
tumors could in fact simply be a proxy for T cell activation. In NK cells, the activating impact of 
SLAMF7 is heavily dependent on SLAM family adaptor protein, EAT-2 (333). CD4+ T cells do 
not naturally express this adaptor protein, and as a result, SLAMF7 engagement leads to an 
inhibitory outcome on T cell activation (333). Nonetheless, in both human and mouse AITL, 
whether tumor Tfh-like cells can abnormally express EAT-2 has yet to be investigated. Future 
studies should also establish whether SLAMF7 expression on CD4 cell subsets have supportive 
roles in survival, proliferation and/or activation and determine if increased SLAMF7 expression 
alters disease progression rates, survival or prognosis in human AITL. 
Moreover, it has been described that T cell lymphoma cell lines that express CD47 but 
lack SLAMF7 are not engulfed after blocking CD47 signaling (241). This may prove to be 
problematic as only a subset of CD4+ T cells in AITL-like tumors highly express SLAMF7 and, 
in human AITL, the type of immune cells expressing SLAMF7 is also ill-defined. However, in 
DLBCL, it has been shown that SLAMF7 expression on tumor cells is not necessary to trigger 
effective CD47 blockade-induced tumor cell engulfment, nor does SLAMF7 mRNA levels 
correlate with DLBCL patient survival (412). As SLAMF7 is not the only signaling molecule 
that can promote phagocytosis, it is plausible that tumor cells in DLBCL or AITL may also 
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express other prophagocytic molecules that can augment phagocytosis in the context of CD47 
signaling inhibition (296).  
 While being a Tfh cell-derived lymphoma, inappropriate B cell expansion in AITL 
tumors influences disease symptoms and pathogenesis (4, 30, 36, 270). Thus, promoting the 
engulfment of both tumor Tfh-like cells in addition to B cell subsets by macrophages could be 
most efficient to induce tumor regression. It has been shown that anti-CD47 treatment improved 
phagocytosis of B cell lymphomas, but not naïve or activated B cells (241). Since B cells within 
the AITL environment are subject to inappropriate immune activation, they may no longer 
represent physiological B cells and thus be susceptible to phagocytosis after CD47 blockade. We 
previously reported that B220+ cells in AITL-like tumors had increased levels of adhesion 
molecule ICAM-1, which may work to support T cell-B cell crosstalk (402). Moreover, since 
ICAM-1 is a ligand for Mac-1, this interaction could also function as a positive signal in 
facilitating target cell engulfment by macrophages (241, 413). Consequently, although we 
observed that GC B-like cells within tumors had reduced SLAMF7 levels, it is plausible that in 
addition to homotypic SLAMF7 engagement, Mac-1/ICAM-1 interaction as well as other 
unidentified signaling pathways may serve as prophagocytic signals. This is further supported by 
our observation that total AITL-like tumor cells, many of which are B220+ cells, can be 
phagocytosed in vitro upon adding anti-CD47 antibody.  
 An important consideration regarding CD47 blocking therapies is off-target effects, 
specifically, anemia (300). As red blood cells age, and prepare to be cleared from the circulation, 
they downregulate CD47, and start to express various prophagocytic molecules which make 
them more susceptible to elimination after inhibition of CD47 signaling (300). For AITL patients 
this may be particularly risky, as autoimmune hemolytic anemia affects approximately 65-70% 
of patients (6, 414). Future studies focused on the in vivo application of CD47 blockade in AITL-
like mouse models should consider combination therapies that also inhibit other cell markers 
which are abundantly expressed in AITL-like tumors such as proteins relating to T cell-B cell 
crosstalk. Moreover, without boosting prophagocytic signals, simply inhibiting CD47 signaling 
can be insufficient to promote tumor cell engulfment by macrophages (296), and consequently, 
using additional therapeutic agents to stimulate these positive signals could further prevent AITL 
disease progression.   
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 In summary, we have shown evidence of opposing immune evasion and surveillance 
forces within the context of AITL-like tumors. Importantly, we also report that both total and 
CD4+ T cells within AITL-like tumors can be efficiently phagocytosed upon in vitro CD47 
blockade. Experiments in the future should focus on how to translate these findings relating to 
CD47 and SLAMF7 in vivo.  
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 3.8 Figures and figure legends 
 
Figure 3.1 Altered SLAMF7 expression profile on CD4+ and B220+ cell subsets within 
AITL-like tumors 
(A-B) Representative flow cytometric analyses and frequency of SLAMF7 expression on CD4+ 
(A) or Tfh cells (CD4+CXCR5+PD-1+) (B) from tumor-free, non-tumor and tumor samples (n=4 
tumor-free; n=7 non-tumor; n=10 tumor). (C-F) Representative graphs and frequencies compare 
Ki-67 levels between CD4+ or Tfh cells based on SLAMF7 expression and tumor stage. (C) 
Increased subset of Ki-67-expressing cells amongst SLAMF7hiCD4+ cells from AITL-like 
tumors. (D) SLAMF7hiCD4+ cells are generally more proliferative than SLAMF7loCD4+ cells 
regardless of tumor stage. (E) AITL-like tumors have an increased subset of Ki-67-expressing 
cells amongst SLAMF7hi Tfh cells (CD4+CXCR5+PD-1+). (F) SLAMF7hi Tfh-like cells from 
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AITL-like tumors are more proliferative than SLAMF7lo Tfh-like cells, a difference not observed 
in tumor-free or non-tumor samples. (n=3-4 tumor-free; n=6-7 non-tumor; n=9-10 tumor).  (G-
H) Representative expression levels and frequency of SLAMF7 expression on B220+ (G) or GC 
B cells (B220+GL7hiFas+) (H) from tumor-free, non-tumor and tumor samples (n=4 tumor-free; 
n=7 non-tumor; n=10 tumor). Grey filled histograms in A-C, E, and G-H represent isotype 




Figure 3.2 Increased levels of inhibitory signal CD47 on tumor Tfh-like cells in Roquinsan/+ 
mice 
(A) Representative flow cytometry analyses and CD47 MFI on CD4+ cells from tumor-free, non-
tumor and tumor samples (n=3 tumor-free; n=6 non-tumor; n=8 tumor). (B) Highly proliferative 
Ki-67+CD4+ cells with increased SLAMF7 levels have similar CD47 MFI between three tumor 
stages as shown through representative histogram and frequency (n=3 tumor-free; n=6 non-
tumor; n=8 tumor). (C-D) Representative expression levels and CD47 MFI on Tfh (C) and GC B 
(D) cells from tumor-free, non-tumor and tumor samples (n=3 tumor-free; n=6 non-tumor; n=8 
tumor). (E) Expression of CD47 versus SLAMF7 levels in Tfh cells from tumor-free, non-tumor 
and tumor samples (n=3 tumor-free; n=7 non-tumor; n=8 tumor). Grey filled histograms in A-D 




Figure 3.3 Increased frequency of SIRPα+SLAMF7+ expressing subset of F4/80+Mac-1+ 
macrophages in Roquinsan/+ tumors 
(A) Exemplary immunohistochemistry staining for F4/80 in tumor-free, non-tumor and tumor 
samples. Yellow arrows indicate F4/80+ cells. (B)  Representative plot and frequency of 
macrophages based on F4/80 and Mac-1 expression in tumor-free, non-tumor and tumor samples 
(n=3 tumor-free; n=8 non-tumor; n=12 tumor). (C-D) Trend of increased SLAMF7 MFI on 
F4/80+Mac-1+ macrophages (C) and F4/80-Mac-1+ cells (D) in AITL-like tumors. (E) Increased 
frequency of SLAMF7+SIRP+ amongst F4/80+Mac-1+ macrophages within AITL-like tumors as 
shown through representative flow cytometric plots and frequencies (n=3 tumor-free; n=8 non-
tumor; n=12 tumor). Grey filled histograms in C-D represent isotype controls. Error bars in B-E 




Figure 3.4 In vitro CD47 blockade improves phagocytosis efficiency of AITL-like tumor 
cells 
(A) Pictorial schematic of phagocytosis assay. In brief, bone marrow-derived macrophages 
(BMDM) are generated and then co-cultured with CFSE labelled target cells from AITL-like 
tumors.  After the addition of isotype control or anti-CD47 antibody, phagocytosis efficiency is 
calculated. (B) Representative image depicting phagocytosis of CFSE labelled target cells (in 
green) by BMDMs. Red arrows indicate engulfed target cells. (C) Macrophages generated from 
wildtype or Roquinsan/+ mice have improved phagocytosis efficiency of total cells or CD4+ T 
cells from AITL-like tumors after CD47 blockade (n=3 tumors). Error bars in C represent SEM. 

















While neoplastic cells from AITL have been well-established to originate from the Tfh 
cell lineage (3, 20-22, 30, 32, 378), whether AITL tumor cells functionally rely on signaling 
molecules essential for Tfh cell generation and survival has not been investigated. One of my 
important findings from Chapter 2 is that not only do Tfh-like cells in AITL-like disease require 
key Tfh cell molecules Bcl6 and SAP to support tumor maintenance, but they also engage in 
functional T-B communication. This likely occurs through the generation of high-quality T-B 
conjugates supported by molecules such as high affinity LFA-1 and SAP, which can promote B 
cell differentiation into the plasma cell lineage and hypergammaglobulinemia. In Chapter 3, I 
switched focus onto immune surveillance mechanisms in AITL to specifically determine whether 
weaker macrophage-mediated phagocytosis might contribute to tumor growth and/or 
dissemination. I found that Tfh-like tumor cells from AITL-like tumors expressed relatively 
higher levels of inhibitory “don’t eat me” molecule CD47, while intratumoral macrophages also 
had higher amounts of prophagocytic protein SLAMF7, suggesting the possible presence of 
opposing evasion versus surveillance mechanisms. Additionally, I demonstrated that a subset of 
Tfh-like cells in AITL-like tumors highly expressed SLAMF7, potentially leaving these putative 
tumor cells more vulnerable to macrophage cell engulfment upon CD47 inhibition. The different 
sections in this discussion aim to contextualize our major observations regarding the implications 
of T-B crosstalk within AITL and its therapeutic applications, as well as the role of Bcl6 in AITL 
tumor progression. Additionally, this discussion will also examine the significance of SLAMF7 
and macrophage-mediated immunosurveillance in AITL.  
 
4.1 T-B crosstalk: implications and therapeutic applications 
Importantly, while AITL is a T cell-derived lymphoma, disease presentation and 
symptoms are intimately associated with B cells. As such, one natural hypothesis would be that 
B cell depletion therapies may be effective in promoting AITL tumor regression, especially 
because B cells represent a majority of the AITL tumor mass, thus making it an easier population 
to therapeutically target. However, combination therapies of anti-CD20 antibody (rituximab) in 
combination with traditional CHOP therapies did not demonstrate any clinical benefits beyond 
that of CHOP usage (91). Patients treated with both regimens had an overall response rate of 
80%, a median response duration of only 25 months, and a 2-year progression-free survival rate 
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of only 42% (91). Thus, while most patients do have a response to rituximab and CHOP therapy, 
the response is not long-lasting and does not translate into greatly improved survival rates. 
One simple explanation is that because AITL tumors are driven by neoplastic Tfh-like 
cells, without eliminating these tumor cells, only eradicating B cells from the tumor will not lead 
to tumor regression (91).  However, another explanation is that targeting CD20 may not be most 
effective in AITL, even though it can be found expressed in human tumor biopsies (11, 14). 
Rituximab is reported to kill target cells directly by mediating cell death or indirectly by 
initiating antibody-dependent phagocytosis, antibody-dependent cell-mediated cytotoxicity or 
complement-mediated cytotoxicity (415).  Another important consideration is that antibody-
dependent phagocytosis is heavily dependent on the balance of antiphagocytic and prophagocytic 
receptors present on the surface of target cells. Therefore, with regards to AITL, even if B cells 
are coated with anti-CD20 antibodies, if intratumoral B cells express higher levels of 
antiphagocytic receptors or insufficient amounts of receptors that can activate phagocytosis, 
macrophages are left unable to engulf target cells effectively.  Furthermore, studies have reported 
that rituximab does not homogenously deplete all B cell subsets and specifically, GC B cells 
appear to be particularly resistant to anti-CD20 dependent depletion (416, 417). This may be 
particularly relevant in AITL, where tumor Tfh-like cells are likely to promote GC-like features 
in B cell subsets. Moreover, CD40 signaling, which is pivotal to the GC reaction is reported to 
downregulate CD20 expression levels in human B cells (418), which may also partially explain 
why GC B cells are more resistant to rituximab-mediated depletion. Therefore, rather than 
focusing on B cell depletion therapies, redirecting the focus on molecules that continually 
support communication between Tfh-like cells and B cells within the AITL tumor environment 
may be more effective. In this way, the end goal still includes the elimination of the bulk B cell 
mass, but by targeting a continually required signaling axis provided by tumor Tfh-like cells.  
In Roquinsan/+ tumors, we demonstrated an accumulation of plasma precursor cells and 
plasmablasts and proposed that this is related to increased T-B crosstalk facilitated by SAP and 
adhesion molecules such as LFA-1. In line with this, we also found increases in total IgG1 and 
IgG2c at steady state in tumor-bearing mice as compared to tumor-free mice from the same 
Roquinsan/+ background. Based on the autoimmune phenotype observed in mice homozygous for 
the sanroque mutation (182, 373), it is possible that in tumor-bearing mice, a portion of these 
IgG antibodies are autoantibodies. This would be consistent with human AITL, where it is 
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common to identify autoantibodies in the serum of patients (11, 14). Moreover, it is unclear 
whether intrinsic B cell dysfunction as a result of the sanroque mutation may also be involved. It 
has been reported that the sanroque mutation contributes to the autoimmune manifestations in 
Roquinsan/san mice through T cell intrinsic mechanisms (372, 373). Nonetheless, whether this also 
holds true in AITL-like disease in Roquinsan/+ mice has yet to be fully investigated. 
 Removal of CD4-specific SAP from fully developed AITL-like tumors demonstrated 
long-lasting tumor regression (Fig. 2.3E-G), suggesting that the ability to maintain T-B 
conjugates is essential for AITL-like tumor growth. Because interactions between SAP and Fyn 
kinase are well-documented (240, 419, 420), and because Fyn mutations have been implicated in 
human AITL disease (38, 44, 65), we wanted to test whether this interaction may be important in 
tumorigenesis. However, AITL-like tumors could still develop when SAP-Fyn signaling was 
abrogated, and these tumors shared characteristics with those expressing wildtype SAP (Fig. 
2.4). While the possibility that SAP-Fyn interactions could still be involved during tumor 
progression cannot be definitively ruled out, based on what is reported in the scientific literature, 
namely that loss of SAP-Fyn interactions does not prevent a normal humoral immune response 
or T-B conjugate formation (421-423), our interpretation is that SAP-Fyn independent 
mechanisms and SAP-mediated crosstalk are likely to support AITL-like tumor growth.  
 Thus, one possibility is that SLAM family receptors upstream of SAP but independent of 
Fyn may be implicated in AITL-like disease. An intriguing pharmacological treatment could be 
through the manipulation of certain SLAM family receptors, specifically implicated in the 
humoral immune response, such as SLAMF6. It has been reported that administering anti-
SLAMF6 F(ab’)2 antibody that stimulates SLAMF6, before protein immunization of wildtype 
mice reduced the frequency and number of both Tfh and GC B cells (247). This has been 
attributed to the ability of SLAMF6 to reduce CD3ζ phosphorylation as well as its association 
with inhibitory phosphatase SHP-1 (423). It has been shown that loss of SAP leads to an 
increased association between SLAMF6 and SHP-1 (246, 424), however, even in wildtype 
activated T cells, where SAP is present, SHP-1 binding to SLAMF6 can still be observed to 
some degree (423), providing an explanation as to why stimulating SLAMF6 inhibited Tfh and 
GC B cell generation. On this note, we demonstrated that acute loss of SAP from CD4+ T cells 
led to a decreased frequency in Tfh-like cells after SAP protein loss (Fig. S2.5F). While we 
found that SLAMF6 was similarly expressed on Tfh cells in Roquinsan/+ mice regardless of tumor 
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stage (data not shown), we did not quantify SHP-1 levels and its ability to bind SLAMF6.  Thus, 
it is likely that in the absence of CD4-specific SAP, there could be increased SHP-1 association 
with SLAMF6, which in turn could prevent optimal T-B interactions, leading to AITL-like tumor 
regression.  Accordingly, it is plausible to hypothesize that triggering inhibitory SLAMF6 
signaling may be adequate to disturb Tfh-B cell crosstalk within human AITL tumors, even 
when SAP protein is present. Nevertheless, as we have shown that Tfh-like cells express higher 
amounts of SAP as compared to total CD4+ T cells (Fig. 2.3A-B), whether the ratio of SAP: 
SHP-1 proteins would work in favour of inhibitory phosphatase association as opposed to 
adaptor protein binding is an important consideration in determining whether SLAMF6 
stimulation could be effective in impeding T-B crosstalk. 
Our observation of increased expression of high affinity LFA-1 on CD4+ T cells along 
with increased amounts of ICAM-1 on B cells from AITL-like tumors (Fig. 2.5A-B) is consistent 
with our view that T-B communication underpins AITL-like tumor pathogenesis. Studies have 
reported that ICAM-1 expression on B cells is important for stable T-B conjugates in an antigen-
specific manner that supports B cell selection, proliferation and differentiation into the plasma 
cell lineage (125, 261). Since Icam1 expression can be induced downstream of BCR activation 
(425, 426) and it is reported to be upregulated in activated B cells from human tonsils (427), it is 
likely that elevated ICAM-1 levels on B cells in AITL-like tumors reflects an activated status, 
which also increases its probability to engage with tumor cells expressing high affinity LFA-1. 
The increased high affinity LFA-1 on CD4+ T cells in AITL-like tumors may be due to 
hyperactive TCR signaling (251), potentially as a response to self and/or innocuous antigens.  In 
turn, binding to ICAM-1 can induce Bcl6 expression and promote Tfh cell identity as well as 
survival (118). These Tfh cells, which have augmented helper functions compared to non-Tfh 
cell subsets can then deliver even more specialized help to B cells, and assist in their expansion, 
differentiation and immunoglobulin hyperproduction. Thus, LFA-1/ICAM-1 binding may 
represent a mutually beneficial example of T-B crosstalk that supports AITL-like disease. 
Additionally, through LFA-1, there may be a converging signaling mechanism between 
our AITL-like mouse model and human AITL patients with the RHOAG17V mutation. Interactions 
between RHOA-G17V and VAV1 adaptor protein, which are unique to mutant RHOA have been 
reported to lead to the phosphorylation and activation of VAV1 which then enhances TCR 
signaling via SLP76 and PLCγ1 (43). Moreover, VAV1 has also been shown to be required for 
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TCR-mediated inside-out activation of LFA-1 (428). Accordingly, one possibility is that in 
human AITL, RHOA-G17V activation of VAV1 and subsequent TCR activation may increase 
LFA-1 affinity, which in turn reinforces Bcl6 expression and propagates features of Tfh-like 
cells within tumor cells. For human AITL patients with activating mutations in TCR signaling 
components, there also remains the possibility that elevated TCR-mediated signaling may also 
promote the high affinity conformational change of LFA-1 on tumor cells, although, levels of 
high affinity LFA-1 in human AITL tumors have not been reported.  
Our attempt to inhibit the conformational change of LFA-1 using Lovastatin yielded an 
overall partial and heterogenous response, where 6/13 mice experienced a partial or full 
regression and 7/13 mice showed no response to treatment (Fig. 2.5E-F). One postulation for the 
difference between responses may be due to the heterogenous nature of individual tumors. For 
instance, tumors of similar sizes can have differences in how extensive their vascularization is, 
which could impact drug accessibility. Additionally, Lovastatin is also a cholesterol-lowering 
drug (429), and consequently, this may also lower its efficacy in inhibiting the conformational 
change of LFA-1, especially considering that its metabolized form has a reduced capacity to 
inhibit LFA-1 (430). It is also important to consider the potential influence of cholesterol 
reduction on T cell function, as cholesterol can impact the stability of lipid raft domains, and 
thus, downstream TCR signaling and T cell activation (431). However, even compared to other 
statins such as Rosuvastatin or Atorvastatin, Lovastatin is less efficient in reducing cholesterol 
levels and furthermore, Lovastatin has a low bioavailability (5%) and half-life (3 hours), which 
also may reduce its in vivo effect (432). However, derivatives of Lovastatin which are more 
potent inhibitors of LFA-1 that lack this cholesterol-lowering ability have been produced (387), 
and if tested in tumor-bearing AITL-like mice could show improved results as compared to 
Lovastatin.  
Within the context of Chapter 2, we primarily focused on the role of Lovastatin in its 
capacity to inhibit the conformational change of active LFA-1, however, there are several other 
mechanisms whereby Lovastatin can exert its influence on the immune system (433). In a mouse 
model of spontaneous mammary tumor development, it was reported that tumor-bearing mice 
treated with Lovastatin had increased CD8+ T cell infiltration into the tumor site as well as a 
reduction in pro-tumor M2-like macrophages (434). Accordingly, Lovastatin may promote tumor 
regression in AITL-like tumors by enhancing tumor immunosurveillance mechanisms. However, 
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in a model of skin inflammation, it has also been shown that Lovastatin treatment leads to Treg 
cell recruitment and increased production of immunosuppressive Il-10 mRNA (435). This may 
indicate that Lovastatin can also promote protumor Treg cell accumulation in AITL-like tumors, 
and as such, could partly explain the diverse responses observed when tumor-bearing Roquinsan/+ 
mice were treated with Lovastatin. One postulation is that in mice that experienced a full 
regression, Lovastatin treatment tipped the balance in favour of antitumor mechanisms as 
opposed to protumor immune mechanisms. However, further investigation would be needed in 
order to fully dissect the specific immune mechanisms by which Lovastatin influences AITL-like 
tumor progression.  
Because of the previously reported role of high affinity LFA-1 in Tfh cells and the 
germinal center response (118), we primarily focused on addressing the effect of LFA-1 
interactions with ICAM-1 in AITL-like tumors.  However, since LFA-1 can also bind to 
numerous other adhesion molecules such as ICAM-2, -3, -4 and -5 and the JAM-1 family (436), 
these additional adhesion molecules may also help maintain AITL-like disease progression. On 
this note, gene expression studies from human AITL patients demonstrated an enrichment in 
genes associated with cell adhesion such as ICAM-1, -2, -3 and -5 (285). At the immunological 
synapse of T cells, VLA-4 can also be found, although its engagement has been reported to 
support Th1 cell polarization (437, 438). While Tfh cells mostly express integrin subunits αL and 
β2 which correspond to LFA-1, other integrin subunits such as β1, β3, α4, and αV can also be 
found expressed on Tfh cells, albeit at considerably lower levels as compared to LFA-1 (118). Of 
these other integrins, only αV has a reported influence in the GC reaction (191). In the absence of 
αV in CD4+ T cells, these αV-deficient Tfh cells can not accumulate in GCs, thereby 
compromising the production of long-lived plasma cells (191). In human AITL, genes associated 
with these integrins are not found to be differentially expressed, however, since their biological 
relevance is linked to their affinity, addressing this aspect of integrin biology in AITL could be 
informative in predicting patient prognosis.  
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4.2 Contextualization of SLAMF7, CD47 and macrophage-mediated immune surveillance 
mechanisms in AITL disease 
In Chapter 3, we observed that Tfh-like cells from AITL-like tumors contained a subset 
with enriched SLAMF7 and Ki-67 expression (Fig. 3.1B, E, F). Based on what has been shown 
in the scientific literature, we postulated that this could be explained by a natural negative 
feedback mechanism in highly activated CD4+ T cells (333). Interestingly, the Slamf7 gene has 
been shown to be a direct target of Bcl6, leading to Slamf7 downregulation (199). Consequently, 
when the DNA-binding activity of Bcl6 is lost from AITL-like tumors, potentially increased 
SLAMF7 protein levels on Tfh-like cells could also contribute to tumor regression by increasing 
tumor cell phagocytosis, in addition to the impact of losing Bcl6-driven tumor cell identity. It is 
curious to observe a highly proliferative subset of Tfh-like cells also expressing increased 
amounts of SLAMF7 in AITL-like tumors. One possibility is that this subset may represent Tfh-
like cells with formerly high levels of Bcl6 activity, now experiencing Bcl6 autoregulation, 
which in turn may begin to reverse the effects of Bcl6 such as Slamf7 expression. Additionally, 
higher SLAMF7 on putative tumor Tfh-like cells may also provide an explanation as to why Tfh-
like tumor cells remain a small proportion of the tumor mass in comparison to B cells (270). If 
the phagocytic rate of SLAMF7+ tumor Tfh-like cells is slower or less efficient than the 
proliferative rate of neoplastic Tfh-like cells that are superior at quality T-B interactions, AITL-
like disease can continue to progress. Nonetheless, it also remains to be tested whether SLAMF7 
may play a specialized role unique to Tfh-like cells in the continued maintenance of AITL-like 
tumors.  
To investigate whether SLAMF7 is directly involved in supporting AITL-like tumor 
growth, a similar method as described with Bcl6 and SAP from Chapter 2 can be used to delete 
SLAMF7 in a CD4-specific manner once Roquinsan/+ mice develop tumors. According to my 
original hypothesis, it can be predicted that loss of prophagocytic SLAMF7 on the surface of 
CD4+ T cells within fully developed AITL-like tumors would protect tumor cells from being 
engulfed by intratumoral macrophages. Accordingly, loss of CD4-specific SLAMF7 would be 
expected to cause tumor-bearing mice to increase the rate of tumor growth and/or spreading to 
other lymph nodes. However, if SLAMF7 plays a dominant role in promoting the survival or 
growth of Tfh-like tumor cells, then SLAMF7 deletion can be predicted to cause tumor 
regression. If this occurs, then understanding SLAMF7 signaling mechanisms through its adaptor 
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protein EAT-2 may provide more insight into AITL disease progression. Finally, to address the 
role of SLAMF7 more directly on AITL-like tumor initiation, the Slamf7 gene could be deleted 
from CD4+ T cells in young Roquinsan/+ mice before the age of expected AITL-like tumor 
development after which the rate of tumor onset can be compared between SLAMF7-sufficient 
and -deficient mice.  
Since SLAMF7 is an activating receptor of macrophage-mediated phagocytosis, 
increased expression on a subset of Tfh-like cells may also augment its susceptibility to 
macrophage engulfment (241). While we demonstrated that in vitro CD47 blockade increased 
the frequency of AITL-like tumor cells phagocytosed by macrophages (Fig. 3.4), whether higher 
SLAMF7 expression levels correlated with this increase was not determined. Furthermore, 
SLAMF7 is expressed in a subset of AITL patients but not all AITL patients (321, 322), and how 
it correlates with disease severity or survival has not been studied. Nonetheless, this may not be a 
limiting factor to enhance macrophage-mediated phagocytosis upon CD47 inhibition, since in 
DLBCL, lack of SLAMF7 did not impair the ability of CD47 signaling inhibition to increase 
phagocytosis of tumor cells (412). 
 Histological identification of CD47+ cells in human AITL demonstrated a wide range of 
expression profiles, where CD47 levels did not appear to correlate with overall survival (323). 
However, without co-staining for other Tfh cell markers such as Bcl6, SAP, or PD-1, it is 
difficult to definitively understand the relation between CD47-expressing tumor cells and patient 
outcomes. This is also highlighted in our murine AITL-like tumors, where total CD4+ T cells 
from tumor-free, non-tumor and tumor samples had similar levels of CD47, and increased CD47 
MFI could only be appreciated amongst Tfh-like cells from AITL-like tumors (Fig. 3.2A,C).  
This suggests that either Tfh-like cells are upregulating inhibitory CD47 signals to avoid being 
engulfed by intratumoral macrophages or Tfh-like cells with lower levels of CD47 are actively 
being removed, allowing only those with relatively higher levels of CD47 to survive. Although 
we observed that CD47 MFI was increased by approximately 15% between tumor-free/non-
tumor Tfh cells and AITL-like tumor cells, this difference may be sufficient to prevent 
phagocytosis in vivo. Since it has been shown that CD47 clustering patterns influences SIRPα 
engagement (329), even small differences in total CD47 levels could be meaningful 
physiologically, depending on how CD47 is organized along the cell membrane. Importantly, it 
is also the balance between prophagocytic and antiphagocytic signaling in macrophages that 
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ultimately influences the overall outcome of phagocytosis, such that inhibiting CD47 signaling 
may be inadequate to induce macrophage-mediated tumor cell engulfment if macrophages do not 





















The overarching goal of this thesis was to investigate immune mechanisms in AITL-like 
disease progression (Fig. 5.1A). In Chapter 2, I presented the results of Aim 1 which sought to 
determine to what extent tumor Tfh-like cells still retained features of physiological Tfh cells. 
Within Chapter 3, I examined the influence of macrophage-mediated phagocytosis in AITL-like 
tumors, focusing on the objectives highlighted in Aim 2. Our findings provide new insight into 
the importance of signature Tfh cell proteins in AITL-like disease and provide evidence that 
tumor Tfh cell hyper functionality is vital to support the pathogenic B cell-related activities 
observed in AITL-like disease.  It also increased our understanding of macrophage-related 
immune surveillance in AITL-like tumors and demonstrated the increased susceptibility of 
AITL-like tumor cells to macrophage-dependent phagocytosis after CD47 inhibition in vitro. 
Combining the results and interpretations from Chapter 2 and 3 allow us to postulate new 
pharmacological interventions in AITL that could benefit from the synergy of inhibiting Tfh-B 
cell crosstalk and boosting macrophage-mediated phagocytic activities against tumor cells.  
In Chapter 2, I demonstrated that hyperactive Tfh-like cells in AITL-like tumors can 
facilitate B cell differentiation into plasma cell precursors and plasmablasts, even in the absence 
of traditional GCs. Furthermore, expression of Bcl6 was essential in maintaining AITL-like 
disease, highlighted by the tumor regression observed upon loss of Bcl6 activity. Additionally, 
within AITL-like tumors, CD4+ T cells with high SAP expression levels were highly 
proliferative, suggesting that AITL-like tumor cells might somehow utilize SAP for their growth. 
In line with this, gene deletion of SAP from developed tumors also led to regression. Since loss 
of SAP-Fyn interactions did not impair AITL-like disease development, we hypothesized that 
SAP must be promoting AITL-like tumors through T-B conjugation, for instance by using 
adhesion molecules. By profiling the affinity of integrin LFA-1 and its binding partner ICAM-1, 
I showed increased expression of these molecules on T and B cells within AITL-like tumors, 
potentially a reflection of enhanced quality T-B communication. However, inhibition of LFA-1 
affinity using Lovastatin showed an overall partial response, and while there is great potential in 
examining therapies aimed at inhibiting T-B crosstalk, extensive optimization and testing must 
be done before translating this into the clinic.  
In Chapter 3, I presented results suggesting that opposition between immune surveillance 
and tumor growth exists in AITL-like tumors. I found that within tumors, Tfh-like cells had 
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elevated levels of inhibitory CD47, potentially signifying a mechanism for evading macrophage-
mediated phagocytosis. Conversely, SLAMF7 was highly expressed on both macrophages and a 
subset of Tfh-like cells from AITL-like tumors, suggesting that even though positive receptors 
for phagocytosis are present, macrophages are unable to effectively control tumor growth. On 
GC B-like cells from AITL-like tumors, CD47 levels were similar irrespective of tumor stage, 
however, SLAMF7 expression was reduced on GC B-like cells in tumors. Nonetheless, we found 
that co-culturing AITL-like tumor cells with BMDMs in the presence anti-CD47 antibodies 
could enhance tumor cell engulfment by macrophages.  
Taken together, the results of these studies support my hypothesis that Tfh cell identity 
and function remains pivotal for the neoplastic activities of AITL-like tumor cells, a novel 
finding which can be important for understanding the mechanisms behind AITL disease 
pathogenesis as well as clinical applications. Furthermore, these studies also validate that AITL-
like tumor cells can be more efficiently phagocytosed after being subject to CD47 signaling 
inhibition in vitro, further demonstrating that this inhibitory “don’t eat me” signal can be 
overcome to promote macrophage-dependent engulfment. As such, manipulating CD47-SIRPα 
signaling in vivo could also be a promising clinical avenue to treat AITL patients.  
However, this relatively modest increase in phagocytosis may not translate into tumor 
regression in vivo and may require additional prophagocytic signaling boosts. This could be 
provided by combining CD47 blockade along with SLAMF7 stimulation or by using antibodies 
to target Tfh cell-specific surface molecules such as LFA-1 that would also trigger Fc receptor-
mediated phagocytosis, the latter being a therapeutic approach with promising results in DLBCL 
patients with combined anti-CD47 and anti-CD20 antibodies (319, 320). Therefore, combining 
the direct targeting of Tfh-B cell crosstalk along with indirectly modulating the tumor 
microenvironment in favour of macrophage-mediated tumor cell clearance may provide the most 
efficient pharmacologic approach to control AITL disease progression (Fig. 5.1B).  
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Figure 5.1 Overview of intrinsic and extrinsic mechanisms supporting AITL tumor growth 
 (A) Intimate T-B interactions between tumor Tfh-like cells and GC B cells in AITL-like tumors 
facilitated by Tfh cell identity proteins such as Bcl6, SAP and LFA-1 supports B cell expansion, 
plasma cell differentiation and hypergammaglobulinemia. In parallel, tumor Tfh-like cells can 
also inhibit immune surveillance mechanisms provided by macrophage-mediated phagocytosis 
and thus, the overall impact is the promotion of AITL-like tumor progression. (B) Introducing 
pharmacological inhibition of T-B interactions or Tfh cell identity by using inhibitors of Bcl6 or 
LFA-1 in addition to removing inhibitory CD47 signaling may synergistically work to encourage 
tumor regression.  
 
5.2 Future Directions 
Although we were able to shed light on our understanding of the Tfh cell nature of AITL-
like tumor cells as well as macrophage-related immunosurveillance mechanisms operating in 
AITL-like disease, we were also unable to address all our inquiries. Thus, certain results left us 
with several important questions for which future extension studies are warranted.    
 
5.2.1 Bcl6-dependent mechanisms in AITL disease initiation and progression 
Our finding that Bcl6 activity is continually utilized in developed AITL-like tumors is 
altogether not surprising considering the Tfh cell origin of this disease and the well-established 
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role of Bcl6 in B cell lymphomagenesis (207). Additionally, several studies have established the 
essential role of Bcl6 in Tfh cell identity and development (111-113, 197, 215), however, beyond 
its function as a master regulator transcription factor for Tfh cells, does Bcl6 acquire AITL-
specific gene targets to facilitate tumor growth?  One series of questions relates to how Bcl6 
drives and supports AITL tumor growth as there remains numerous possibilities for how Bcl6 
impacts AITL tumorigenesis. One easy explanation is that loss of Bcl6 activity immediately 
causes Tfh-like tumor cells to lose their identity and successive signaling pathways which 
support their tumorous activities. An additional possibility is that dysregulated Bcl6 expression is 
necessary to transform pre-tumor cells into their fully neoplastic form.   
In DLBCL, certain patients have point mutations in the first non-coding exon of BCL6, 
which is associated with loss of Bcl6-mediated auto-inhibition (213, 214). In AITL, such BCL6 
mutations have been not identified, however, understanding whether Bcl6 autoregulatory 
feedback is active or inactive in tumor Tfh-like cells would be informative in understanding Bcl6 
within the context of AITL disease. In human AITL patients with TET2 mutations as well as 
mice with reduced TET2 function, hypermethylation of Bcl6 at intron 1 occurs more frequently 
and correlates with increased protein expression (54, 55).  However, even in AITL patients 
without TET2 mutations, it is still possible that these negative regulatory regions could become 
inaccessible to Bcl6 binding and self-regulation, thereby promoting AITL disease through 
sustained overexpression of Bcl6. This can be determined using experimental techniques such as 
bisulfite sequencing to identify potential hypermethylation of regions associated with Bcl6 
negative autoregulation. Alternatively, there could also be other mechanisms driving AITL 
tumorigenesis which do not require Bcl6 overexpression.  
Bcl6 regulation can also exist at the post-translational level to control its localization and 
stability. For instance, in Tfh cells, Bcl6 phosphorylation by Prkd2 has been reported to cause a 
reduction in its nuclear localization (226).  In another situation, B cell-specific FBXO11 was 
shown to regulate Bcl6 ubiquitylation and degradation (222). In human AITL, it has not yet been 
described whether Bcl6 may become deregulated through increased production, nuclear 
localization and/or increased stability. Additionally, because our experimental design specifically 
focused on the DNA-binding portion of Bcl6, it remains possible that interactions between Bcl6 
and corepressors or other protein complexes may also contribute to AITL tumor progression. 
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Profiling levels of SAP, PD-1 or CXCR5 shortly after loss of Bcl6 DNA-binding activity 
demonstrated very minimal changes, primarily in the reduction of CXCR5 MFI amongst Tfh-like 
cells (Fig. S2.5C-D). It has been reported that Bcl6 is involved in a “repressor-of-repressors” 
regulatory gene network where Bcl6 is central to Tfh cell identity by inhibiting transcription 
factors such as Runx2, Runx3 and Klf2, negative regulators of Tfh cell genes such as Pdcd1, 
Icos, Il6ra, Il21 and Il4 (215). Consequently, studying the acute impact of Bcl6 deletion shortly 
after tamoxifen administration was likely insufficient to visualize changes in downstream Tfh 
cell proteins such as SAP, PD-1 or CXCR5 which are regulated through a cascade of 
transcription factors. Nonetheless, paired with the knowledge that Bcl6 is essential for Tfh cell 
generation and that in the long-term, loss of Bcl6 activity causes AITL-like tumor regression, 
Bcl6 can be expected to be involved in Tfh cell and AITL tumor cell-specific gene expression 
changes. 
In our mouse model, we observed similar levels of Bcl6 MFI amongst Tfh or Tfh-like 
CD4+CXCR5+PD-1+ cells when comparing tumor-free, non-tumor and tumor samples (Fig. 
2.2F), suggesting that neoplastic transformation can occur without Bcl6 overexpression. This 
may better reflect the situation in human AITL patients without TET2 mutations. However, it is 
highly probable that AITL-like tumor cells develop a tumor-specific gene signature, distinct 
from what is found in non-neoplastic Tfh cells coming from tumor-free lymph nodes. Moreover, 
since we observed that loss of Bcl6 activity leads to AITL-like tumor regression, these tumor-
specific gene signatures presumably still rely on Bcl6-dependent pathways, whether directly or 
indirectly. Thus, on the one hand, it is conceivable to hypothesize that CD4+CXCR5+PD-1+ Tfh-
like cells in tumors could be a homogenous population of tumor Tfh-like cells that have acquired 
an “oncogenic” gene signature. On the other hand, a second possibility is that within AITL-like 
tumors, there might be heterogeneity amongst CD4+CXCR5+PD-1+ Tfh-like cells, where only a 
subpopulation has this tumor-specific gene signature. Based on data presented in Chapter 2 and 
3, where we observe diverse protein expression levels of Ki-67, SAP or SLAMF7, it is more 
likely that there exists heterogeneity amongst Tfh-like cells within AITL-like tumors. 
Nonetheless, these important questions can be addressed using genomic approaches such as Bcl6 
ChIP-Seq, single-cell ATAC-Seq or single-cell RNA-Seq and will offer important insights into 
understanding AITL disease progression.  
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After Tfh cell development, during the natural course of the GC reaction, Tfh cells are 
reported to downregulate Bcl6 levels and acquire memory-like features, such as IL7Rα 
expression (99, 149, 151). Moreover, since memory Tfh cells are generally considered to express 
CXCR5 but can have high or low levels of PD-1 (34, 152, 439-442), our observation of reduced 
PD-1 MFI (Fig. 2.2D) in Tfh-like cells from AITL-like tumors may suggest the presence of 
memory-like characteristics. Thus, within our mouse model and possibly human patients without 
TET2 mutations, one postulation is that neoplastic transformation of tumor Tfh-like cells occurs 
after a Bcl6-mediated negative autoregulation loop and acquisition of memory-like features. 
Although memory Tfh cell-derived lymphomas are not reported, recent studies demonstrate that 
aggressive B cell lymphomas can arise from B cells with epigenetic and transcriptomic features 
of memory B cells (427, 443), and consequently, an in-depth genomic analysis could help 
address whether tumor-Tfh like cells express additional markers typically associated with a 
memory phenotype.  
 Since Bcl6 is reported to associate with histone methyltransferase EZH2 and the non-
canonical PRC1-BCOR-CBX8 complex to promote hyperactive GCs and DLBCL onset (219), in 
AITL, whether Bcl6 may also be involved in disease maintenance by cooperating with proteins 
involved in epigenetic modifications is an important line of future investigation. Moreover, both 
BCOR and EZH2 have also been demonstrated to support Tfh cell generation (220, 221), and 
thus, it is useful to study whether a similar mechanism involving Bcl6, BCOR and EZH2 could 
also operate in Tfh cells and further, this may explain how Bcl6 supports AITL disease. On this 
note, in one cohort of AITL patients studied, approximately 60% of patients highly expressed 
EZH2 and in the same study, PTCL patients with high EZH2 expression were also observed to 
experience poorer overall survival rates (82), suggesting that higher EZH2 expression could be 
associated with more aggressive disease characteristics. In line with this, I found that Tfh-like 
cells from AITL-like tumors expressed the highest amounts of EZH2 as compared to Tfh cells 
from tumor-free or non-tumor lymph nodes (data not shown). Additionally, the 3’UTR of Bcor 
has been recently identified as a Roquin-1 target (444), and thus, it would be interesting to study 
whether there are also elevated levels of BCOR protein in AITL-like tumors and if this also 
translates to increased Bcl6-BCOR interactions. To address whether AITL-like disease initiation 
requires Bcl6-BCOR interactions, Roquinsan/+ mice can be bred with Bcl6 mutant mice without 
the ability to interact with BCOR and monitored for tumor development (204, 208). Moreover, 
 116
since another Bcl6 corepressor, NCOR1 has been implicated in the negative autoregulation of 
Bcl6 within Tfh cells (215), addressing whether NCOR1 might also play a role in AITL-like 
disease growth is important. To understand whether BCOR, NCOR1 or EZH2 are required to 
sustain AITL-like tumor progression, genes encoding these proteins can be acutely deleted from 
fully developed AITL-like tumors using an experimental method similar to SAP or Bcl6 gene 
deletion from Chapter 2.  
 Finally, although our gene deletion approach allowed us to reveal the importance of Bcl6 
in AITL-like tumors from Roquinsan/+ mice, we did not extend this to demonstrate whether the 
same results could be achieved using Bcl6 inhibitors, a method more applicable in the clinical 
setting. Within the B cell lymphoma field, at least two Bcl6 inhibitors, 79-6 and FX-1 have been 
reported with promising results (95, 445). These inhibitors bind to the BTB domain of Bcl6 and 
prevent corepressor binding to Bcl6, thus disrupting the ability of Bcl6 to bind its target genes 
(95, 445). In DLBCL xenografted mice, treatment with FX-1 suppressed tumor growth and 
importantly, FX-1 appeared to be well-tolerated in treated mice (95). Additionally, there is 
another type of Bcl6 inhibitor that has been developed, which also targets the BTB domain, but 
instead of preventing corepressor binding, it targets the BTB domain by inducing ubiquitylation 
and proteasome-mediated degradation of Bcl6 (446). In AITL, it can be predicted that Bcl6 may 
be an excellent therapeutic candidate that targets not only the identity of Tfh cells but also the 
overall GC response. An important consideration is the potential negative impact from the long-
term use of Bcl6 inhibitors, which has not been fully validated. In mouse models, mice were 
treated for approximately 10 days, and no signs of toxicity, inflammation or infection were 
observed (95), but in a clinical setting, patients would likely need routine treatment that would 
extend beyond 10 days, which could leave them more vulnerable to infection.  
 
5.2.2 Impact of macrophage-mediated immune surveillance in AITL tumor growth and 
spreading  
In AITL-like tumors, we identified an increased proportion of F4/80+Mac-1+ 
macrophages that expressed both SIRPα and prophagocytic molecule SLAMF7 in comparison to 
tumor-free or non-tumor lymph nodes (Fig. 3.3C). It appears that macrophages within AITL-like 
tumors are well-equipped to phagocytose AITL-like tumor cells, and yet, have failed to control 
tumor initiation and progression. Although we did observe that BMDMs from the Roquinsan/+ 
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background were able to increase phagocytic efficiency of total or CD4+ T cells from AITL-like 
tumors after treatment with anti-CD47 antibody (Fig. 3.4C), this may not be easily recapitulated 
in a more complex in vivo environment. Firstly, since neoplastic Tfh-like cells represent a 
minority of the tumor mass in both humans and mice (30, 270), macrophages could have 
difficulty directly accessing and engulfing tumor cells. Secondly, tumor cells may not only 
express inhibitory CD47, but other unidentified proteins that have a negative effect on 
macrophage-mediated phagocytosis. Nevertheless, with certain types of stimulation, regardless 
of CD47 expression, the phagocytic capacity of macrophages within AITL could still be 
enhanced. This was been demonstrated using a mouse model of pancreatic ductal 
adenocarcinoma, where it was reported that CpG administration was able to metabolically 
reprogram macrophages to more effectively phagocytose tumor cells even when CD47 was 
expressed on tumor cells (447). Thus, if therapies aimed at targeting in vivo inhibition of CD47 
signaling does not reduce tumor growth, testing therapies such as CpG to promote macrophage 
activation could be applied to AITL-like tumor-bearing mice.  
It will be important to understand the features of macrophages within the AITL tumor 
microenvironment beyond the simple M1 and M2 macrophage subsets (78, 81), especially 
because lymph nodes contain many macrophage subsets, such as tingible body, subcapsular 
sinus, medullary sinus and medullary cord macrophages (308, 309). Understanding what other 
proteins are expressed by intratumoral macrophages and to what degree they contribute to tumor 
growth and spreading is also important to determine their impact in immunosurveillance. If 
macrophage-mediated phagocytosis is indeed directly controlling AITL tumor growth and 
spreading, then eliminating macrophages in tumor-bearing mice can be hypothesized to increase 
the rate of AITL tumor growth and appearance in secondary locations. This idea can be tested by 
depleting macrophages from tumor-bearing mice using clodronate liposomes (448) or through 
genetic models such as CD11b-diptheria toxin receptor (DTR) mice (449), although, the caveat 
with both methods is that they can also eliminate other cell populations such as dendritic cells 
and they only provide temporary depletion (448, 449).  
In addition to macrophage depletion, future experiments should also focus on assessing 
the in vivo phagocytic ability of intratumoral macrophages in AITL-like tumors. One way this 
can be addressed is by performing multi-colour confocal imaging to visualize macrophages 
engulfing Tfh or Tfh-like cells (450).  In order to see whether the minor increase in CD47 
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expression on Tfh-like cells within AITL-like tumors corresponds to any in vivo resistance to 
phagocytosis, experiments to characterize the baseline level of phagocytosis in tumor-free, non-
tumor and tumor samples could be performed.  Moreover, using the same methodology, 
comparing the rate of phagocytosis in Roquinsan/+ tumor-bearing mice treated with or without 
anti-CD47 antibodies could also help validate our in vitro observations. Another way to test the 
in vivo functionality of intratumoral macrophages could be to inject pHrodo dye labelled AITL-
like tumor cells into tumor-bearing mice with or without CD47 inhibition. This type of dye only 
emits fluorescence at low pH levels, which occurs within phagocytic cells during lysosomal 
fusion (451). The rate of tumor cell engulfment could then be quantified using flow cytometry or 
immunofluorescence imaging. This method may help demonstrate whether intratumoral 
macrophages can still function as phagocytes and whether they are more or less effective than 
macrophages found within non-tumor lymph nodes of the same mouse. There is however the 
possibility that the injected tumor cells may not survive this type of experimental manipulation, 
especially if they are heavily reliant on signals from the tumor microenvironment.  
In human AITL, an increased ratio of M2 macrophages is associated with poor survival, 
largely due to their immunosuppressive nature (78, 81). Although this feature has not been 
directly associated with any specific AITL mutation, it has been reported that AITL and PTCL-
NOS patients with TET2 mutations are associated with advanced disease stage, which is also a 
reflection of the number of lymph nodes impacted and extranodal involvement (50). One 
possible explanation for this could be that TET2 mutations may cause dysregulated Bcl6 
expression in T cells, B cells and macrophages, where in T and B cells, this promotes their GC 
phenotype. However, in macrophages, this may reduce their responsiveness and ability to mount 
an effective antitumor response against tumor cells, since Bcl6 has been reported to prevent 
macrophages from entering a hyperinflammatory and proliferative state by inhibiting IL-
6/STAT3 signaling (200, 452). Thus, AITL patients with TET2 mutations may experience poorer 
clinical presentation because they not only have a propensity towards developing hyperactive 
Tfh and B cells but also macrophage populations that may not be apt for phagocytosis. 
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